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Solvent extraction of ion pairs and liquid-liquid and liquid-solid 
chromatographic separations involving ion-pair formations are well 
recognized tools in analytical chemistry. For some chemical species 
(e.g. drugs and some other organic species) the efficiency of extraction 
and selectivity are improved with respect to other extraction systems 
involving the partition of molecular (uncharg~d) species (1). Inorganic 
anions (2,3) and hydrophilic organic compounqs (4) have been success-
fully extracted and separated after ion-pair formation. Ion-pair forma-
tion and distribution between two immiscible phases has particular 
advantages for aprotic ions (e.g., quaternary ammonium ions, organic 
sulfonates) and for compounds that are difficult to extract in uncharged 
form (e.g., amino acids and aminophenols) (5). A variety of ion-selec-
tive electrode membranes show responses based on ion-pair formation 
(6,7). 
The purpose of the work reported in this thesis was the evaluation 
of a-hydroxyquinoline (in the form of hydroxyquinolinium ion) as an 
ion-pair extractant of anionic species and its use in the liquid-solid 
chromatographic separation of such anions. A brief incursion in the 
area of ion-selective electrodes is also part (Appendix D) of the re-
ported work. 
a-Hydroxyquinoline and some of its derivatives were first intro-
1 
2 
duced in analytical chemistry by Berg (a) in 1926. Since then 
a-hydroxyquinoline has become one of the most commonly used reagents in 
chemical analysis (9,10). 
a-Hydroxyquinoline is also known as a-quinolinol or as oxine (an 
abbreviation for oxyquinoline), structurally represented as OH 
00 
A symbol of HO is commonly used for simplicity. Its protonated form 
X 
is called a-hydroxyquinolinium ion (11), 
L1~ 
l8l8J 
and is simply symbolized as H2o:. At sufficiently high pH, a-hydroxy-
quinoline exists as the a-hydroxyquinolinate 10r oxinate anion, o-
symbolized as 0 • It follows then that a-hydroxyquinoline is an 
X 
amphoteric species in aqueous solution as a result of the weak acid 
character of the phenolic group and weak basic characteristics of the 
pyridinic nitrogen. Several workers have studied the acid-base proper-
ties of a-hydroxyquinoline and a selection of reported values for the 
two acid dissociation constants is presented in Table I. a-Hydroxy-
-3 0 
quinoline is only slightly soluble in water (3.56 x 10 ~ at 1a C) 
(15), but as a result of base properties, is readily soluble in aqueous 
solutions of mineral acids (e.g., normal solutions of HCl or HCl04 ) (22) 
as well as in a variety of organic solvents of a broad polarity spectrum 
(butanols and higher molecular weight organic alcohols, benzene, chloro-
form, carbon tetrachloride, etc.). 
The light-absorbing characteristics of the three species of 
a-quinolinol in ethanolic solutions are shown in Figure 1. It is of 
TABLE I 
DISSOCIATION CONSTANTS OF 8-HYDROXYQUINOLINIUM ION 
Authors pKa1 pKa2 Method Reference 
Fox 4.8 10.36 Solvent Extraction (12} 
Kilthoff 4.5 9.7 Colorimetry (13} 
Stone and Friedman 10.38 Solubility in alkaline (14} 
buffer 
10.37 Spectrophotometry 
Lacroix 5.23 9.70 Potentiometric Titration (15} 
Irving, Ewart, and Wilson 4.88 9.89 Spectrophotometry (16} 
5.13 9.82 Solubility Measurement 
Phillips, Elbinger, and Merritt 4.91 Spectrophotometry (17} 
Sandell and Spindler 4.92 Potentiometry (18} 
Nasanen, Lumme, and Mukula 5.02 9.81 Potentiometry (19} 
9.81 Spectrophotometry 
Dyrssen 5.00 9.62 Potentiometry (20} 
Mottola and Freiser 4.85 9.95 Solvent Extraction (21} 
w 
interest to note that the a-quinolinium ion shows significant absorp-
tion around 360 nm, a wavelength at which a-hydroxyquinoline itself 
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Figure 1. Absorption Spectra df a-Hydroxy-
quinoline in 95% Ethanol 
1. 0.01 M HCl 
2. Neutral 
3. 0.01 M NaOH 
This permits the determination of the protonated form in presence of 
4 
the neutral species in acidic solutions. These light-absorbing charac-
teristics are paralleled in aqueous solutions. 
a-Hydroxyquinoline is widely used in metal ion separation and de-
termination as a result of its chelate-forming properties. By adjust-
ment of the pH of aqueous solutions (23-26), a-hydroxyquinoline is 
capable of reacting with sixty metal ions (27(a)). This reactivity has 
led to a large number of methods for separation and also gravimetric, 
titrimetric, and colorimetric (photometric) determination of metal ions 
in solution. More recent analytical applications of a-quinolinol record 
5 
its use as a functional group in chelating ion-exchange resins (28-33), 
or as separation agent chemically bonded to controlled-pore glass beads 
(34,35) and porous silica (36). From this brief overview, it is mani-
fest that a-hydroxyquinoline is one of the most useful reagents in 
chemical analysis. 
As early as 1952, Dyrssen (20) investigated the distribution of 
a-hydroxyquinoline between acidic aqueous solutions and oxygen-containing 
organic solvents. His work was focused on the use of methyl isobutyl 
ketone as organic phase and constitutes the first report that the 
hydroxyquinolinium ion can pair with anions (perchlorate in this partie-
ular case) and permit their extraction into highly polar organic solvents. 
Dyrssen proposed a simplified model to account for such behavior and 
with the aid of Equation (1), derived from thl model, estimated the 
distribution constant for the ion-pair species: 
D = + 
in which D is the distribution ratio for a-hydroxyquinoline; 
(1) 
is the distribution constant for the (H2o:,A-) ion-pair; Ka1 is the 
first dissociation constant of a-hydroxyquinolinium ion; KbcHo ) is the 
X 
distribution constant of a-hydroxyquinoline; and [H+] is the equilibrium 
concentration of hydronium ion. Since D and [H+] can be determined ex-
perimentally, a plot of D versus ___ l_ will give a straight line with 
(H+] 
Ka1 ·KD(HO ) as slope and KD(H 0+ A-) as intercept. (For details on the 
x 2 x' 
model and derivation of Equation (1), see Appendix A). 
Dyrssen's model and approach was later applied by Mottola and 
Freiser (21) to the extraction of the same ion pair into isopentyl 
alcohol. Their value for the distribution constant of the ion pair, 
6 
0.8 against 0.11 in methyl isobutyl ketone, shows the expected increase 
in solubility as the basic (polar) characteristics of the solvent are 
increased and pointed to the potential use of 8-hydroxyquinolinium ion 
in anion separation in chromatographic systems. These earlier works by 
Dyrssen and Mottola and Freiser motivated the studies reported in this 
thesis. These studies were initiated with a systematic determination 
of distribution constants for a variety of anionic species between 
aqueous acidic solutions and isopentyl alcohol or !-butanol. Organic 
and inorganic anions were included in these batch extraction studies. 
From the results of such studies, aliphatic and aromatic sulfonates of 
industrial interest were selected for further work involving a-hydroxy-
quinoline immobilized (by chemical attachment) on controlled-pore glass. 
Both batch equilibration experiments and chromatographic separations 
were performed to explore the potential of immobilized a-hydroxyquinolin-
ium ion for the separation of aliphatic and aromatic sulfonates. The 
rationale to pursue these studies was based on the encouraging results 
collected in batch experiments, the industrial and environmental impor-
tance of sulfonates, and the fact that the inorganic (silicate) backbone 
of controlled-pore glass bearing immobilized a-hydroxyquinoline should 
offer excellent mechanical properties for its use in liquid-liquid 
(liquid-solid) chromatography. 
As a result of the batch equilibration studies, which have shown a 
larger distribution constant for aliphatic sulfonates than for aromatic 
ones, a brief excursion on the potential use o-f immobilized 8-hydroxy-
quinolinium ion in membranes for ion-selective detection of ethanesul-
fonate was performed. 
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CHAPTER II 
SOME OBSERVATIONS ON PARAMETERS THAT AFFECT 
ION PAIR FORMATION 
This chapter deals with some theoretical considerations about para-
meters that·affect ion pair formation. 
A. Liquid-Liquid Systems 
The ion pair extraction technique may be!applied to all compounds 
I 
that can appear in an ionized form (1). In l~quid-liquid systems, all 
ionic compounds may be extracted with different extent into an organic 
phase as ion pairs. The value of the extraction constant (which quanti-
tatively describes the process) depends on the solvation in the organic 
phase and in the aqueous phase (4). 
1. Two Postulated Models 
Usually, there are two models (37) which are proposed to describe 










(Q ,A )o 
KD(Q~A-)1~ 
' + -(Q ,A )w 
+ -Ion-Pair (Q ,A ) Forma-
tion and Extraction 
8 
9 
Here Q+ is a cation; A is a counterion; (Q+,A-) is the ion-pair; ~ re-
fers to species in the organic phase; ~refers to species in the aqueous 
phase; Kf is the formation constant for {Q+,A-)w; and KD{Q+,A-) is the 
partition 
+ -constant for {Q ,A ) between the organic and aqueous phases. 
+ -The first model assumes that the ion-pair, {Q ,A ) , is formed first in 
w 
the aqueous phase and then partitions between the organic and the aqueous 















(Q,A )o {2) 
{ 3) 
{4) 
+ While the second model assumes that the cation, Qw' and the counterion, 
A , are first transferred from the aqueous into the organic phase, w 
simultaneously and then associate in the organic phase, as represented 
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Since neither of the two models alone satisfactorily describes 
real extraction systems, the true mechanism may involve both models. 
Hence, only the first model (Equation (2)) is considered here. 
If an overall net reaction is used, Equation (2) can be expressed 
as follows: 
+ 
Q +A w w 
+ -
(Q,A )o 
where E(Q~A-) is the extraction constant defined as 
[(Q~A-)o] 
= 
[Q +]w[A -]w 





When no reactions except that of Equation (8) occur, the distribution 
+ ratio of Q , DQ+' between organic and aqueous phases may be expressed as 
follows: 
= = (11) 
Incorporating Equation (9) into (11): 
= (12) 
Hence, the distribution ratio, DQ+' varies not only with the nature and 
-the concentration of the counterion, A , but also with the extraction 
constant, E(Q~A-)' which depends on the solvation interaction in both 
phases. 
2. Parameters That Affect the Extraction 
a. Nature of the Anion (A ) 
11 
Ion hydration depends not only on the charge and radius (38) of an 
anion but also on the attractability (39) of the anion toward water. 
Generally speaking, an anion with a small charge, large radius, and 
poorly hydrated characteristics tends to form
1 
ion pairs which are more 
soluble in organic phases than in aqueous phases (27(a)). Hence, a 
large extraction constant will be obtained. Anions which contain 
hydrophilic (such as hydroxyl, carboxyl, and amino) groups will give 
low extraction constants (4,40) because these hydrophilic ions will be 
preferably bonded to water through hydrogen bonding decreasing the possi-
bility of ion-pairing. Anions containing alkyl or aryl groups show more 
hydrophobic characteristics (4)~ hence, their extraction constants are 
comparatively larger. Generally, the extraction constant increases 
linearly with increasing number of carbon atoms in the alkyl group or 
benzene rings in the aryl group. 
b. Nature of the Organic Solvent 
Since all ion pairs have a more or less pronounced polar character 
(5), the polarity of the organic solvent has a very strong influence on 
the value of the extraction constant. Generally, the more polar the 
12 
solvent, the larger the ion-pair extraction. The relative polarity of 
an organic solvent may be expressed in terms of the solubility para-
meter, o, as defined by Hildebrand and coworkers (41,42) in their regu-
lar solution theory for nonpolar solvents. Later, the solubility para-
meter was modified by Hansen (43) and expressed as in Equation (13). 
0 = (13) 
where od is a contribution due to dispersion interactions; op is due to 
permanent and induced dipole orientations; and oh is due to hydrogen 
bonding contribution. Hydrophilic organic anions are difficult to ex-
tract into an organic phase of low polarity, and only very hydrophobic 
i 
counterions (such as, large quaternary ammonium ions) are sufficiently 
extracted to be useful. 
c. Side Reactions 
Since side reactions (e.g., dimerization, protolysis, etc.) will 
affect the concentrations of free anions and/or cations in the aqueous 
phase, or that of the ion pair in the organic phase, the extraction 
constant of the ion pair will vary. The tendency to dimerization in-
creases with decreasing polarity and solvating ability of the organic 
phase, but this will not be included in this thesis because the extent 
of dimerization is expected to be very low because of the high polarity 
of the solvents used in this work. While protolysis in the aqueous 
phase for some ions does often occur during ion-pair formation, these 
cases will be discussed as follows. 







where Ka(HA) is the acid dissociation constant of HA and ~(HA) is the 










The distribution ratio of Q+ has the same ex~ression as that of Equation 
(12). However, the [A-] may be expressed iri terms of total analytical 
w 
concentration, CA_, as follows: 
= (17) 
or rearranging Equation (17): 
(18) 
where C~ is the total concentration of A which has not been extracted 





Hence, Equation (12) can be expressed as 
(19) 
14 
= = (20) 
where E(QtA-) is the conditional {44) extraction constant. Equation 
(20) shows that when Ka(HA) >> [H+], or HA is a strong acid, the distri-
bution ratio (or the conditional extraction constant) is the same as if 
there were no side reaction. However, when the Ka(HA) << [H+], or HA 
is a weak acid, then the conditional extraction constant is lowered 
owing to the competitive reaction of H+ + A ---'~ HA as shown in 
~ 
Equation (14) • 
(ii) Case b. If Q+ is a protonated speeies and is symbolized as 
HX+, and besides the protolysis of A-, a dis~oci~tion of HX+ in the 
aqueous phase and a partition of X between the organic phase and the 
aqueous phase can occur, the condition may be expressed as follows: 
where 
E(HXtA-) 
+ (HX ) + (A ) 
= 
w w 
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= partition constant of X 
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On the assumption that Ka1 << [H+] by a factor of -103 , Equation (30) 
can be simplified as follows: 
(31) 
If E(HXtA-) is expressed in terms of KD(HXtA-) and Kf as in Equation 















Equation (36) corresponds to the Dyrssen's model which has been derived 
in Appendix A, where HO = X. 
X 
If a more general term of K [A-] is used instead of assuming a 
f w 
value of 1, Equation (32) can be rewritten incorporating the total 
analytical concentration of A , CA-' as follows: 






Incorporating. Equation (38) into (32) gives 
(39) 
or, 
If Ka(HA) >> [H+] by a factor of -103 for a strong acid, Equation (40) 
can be simplified as 
D = 
X 
A plot of D versus 
X 
KD(HX~A-) CA_ Kf + KD(X) Kal 
1 + KD(HX~A-) Kf(HX+]w (H+] 
(41) 
in Equation (41), will give a straight line 
with KD(X) ·Ka1 as slope and 
18 
as intercept. For weak acids, Equation (40) is complicated to solve 
(iii) Case c. Another modified model can be considered as follows: 
In addition to case b above, the term of [HX~A-] is also included in 
w 





Assuming that [x] is much smaller than those of [(HX~A-) ] or [HX+] 
w w w 




KD(HXtA-) Kf(A-]w + 
KiA-]w + 1 
iKa1 K0 (X) 
Kf(A-]w + 1 
indicates that a plot of ox versus +will 
(H ] 
. Kal KD(X) 
as slope 
KD(HX+A-) Kf(A-]w 
w~th and ' 




cept. Hence, theoretically KD(HX~A-) and KD(X) can be calculated using 
the mass balance equations for X and for A, respectively, and the charge 
balance equation. 
Equation (43) may also be considered as follows: 
Case (i). 
can be simplified as 
D 
X 
Kal KD(X) = K + - + ___,;:::...-...:::;...:.:..:.:... 
D(HX,A ) ( -) 
Kf A w 
(44) 
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Comparing Equations (44) with (1), a plot of D versus _JL_+ will give 
X (H ] 




slope Hence, the intercept should correspond to the 
distribution constant for the ion pair but the slope should correspond 
to Ka1 KD(X) divided by Kf[A-]w' a factor greater than 1. 
Case (ii). 
can be simplified as 
D = 
X 




a straight line with the same slope but different intercept. That is 
the slope should correspond to Ka1 KD(X) and the intercept should cor-
respond to KD(HX~A-) multiplied by Kf[A-]w' a factor smaller than 1. 
Case (iii). If neither Kf[A-]w is not much greater than 1, nor 
much smaller than 1, but close to 1. Then Equation (43) can be rewritten 
as 
D -
K + - Ka K D(HX,A ) 1 D(X) 
2 + 2 (46) 
By comparing Equations (46) with (1), a plot of D versus will 
give a straight line with twice the values for both intercept and slope 
as those obtained from Equation (1). 
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B. Liquid-Solid Systems 
In liquid-solid systems, two types are considered. They are batch 
system and chromatographic system. 
1. Batch System 
If one considers that an ion pair is formed on a resin, R, in an 
acidic solution with a sample of X and a competing species Y , then 
ion-pair formation may be expressed as follows: 
R + H+ + Y 
r w w 
+ -(RH,X }r 
+ -(RH, y ) 
, r 
where r refers to the resin, w refers to the aqueous solution, 
[(RH~X-)] 




K2 = --------~r~ = formation constant of the interferent species 






Equations (47) and (49) indicate that the (RH~X-) ion-pair formation 
r 
increases with increasing [H+] and [x-] if an excess of sites are 
w 
available in the resin. This is related to the surface area as well as 
the "acidity" of the resin. Equation (48) shows that competition for 
ion-pair formation of (RH~Y-) will consume H+. That should lower the 
r w 
formation of (RH~X-) , especially, when [Y-] becomes large. 
r w 
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2. Chromatographic System (45-47) 
In a chromatographic system, the stationary phase is first con-
ditioned with the mobile phase as expressed in Equation (51). 
+ 
R + H +A 
r m m 
+ -
(RH,A )r (51) 
· where r refers to the resin~ m refers to the mobile phase; and A is 
m 
the anion component of the mobile phase. After the sample (Y ) is in-
troduced to the column, the adsorption of Y requires displacement of 
the anion A from the resin as shown in Equation (52). 
+ -
(RH,A ) + Y 
r m 
(52) 
Since the sample is eluted by the mobile phase, the sample goes through 
the column with sorption-desorption steps and the reverse step in 
Equation (52) occurs. The whole process is a combination of ion-pair 
formation, liquid-solid adsorption, and anion-exchange chromatography. 
The following parameters are generally considered to affect the ion-pair 
formation on the resin. 
a. Affinity of Anions for the Resin 
If the packing material (resin) has a greater affinity for the 
sample (Y ) than that for A in the mobile phase, then the sample will 
replace the A which adsorbed on the resin, and Y will be retained on 
the resin. With two mobile phases, the stronger the affinity for the 
resin, the faster the sample is displaced and thus eluted from the 
sample. Among sample anions, the larger the affinity for the resin, 
the longer the retention on the column. The affinity of an anion for 
22 
the resin may be expressed in terms of the molar distribution coeffi-
cient, Kd, which is defined (48) in batch experiment as 
= millimoles of anion on the resin per gram of resin millimoles of anion remaining in solution per ml of solution 
(53) 
where the anion is the species studied. The larger the affinity of an 
anion for the resin, the larger the value of Kd. 
b. Type of Adsorbent 
(i) Polarity. Since separations by liquid-solid chromatography 
are usually carried out on polar adsorbents, relative adsorption in-
creases as the polarity increases because the total interaction between 
I 
. . I 
the molecule and the polar adsorbent surfacelis increased. 
(ii) Surface Area. The sample retention volumes and adsorbent 
linear capacity are proportional to the specific area of the adsorbent. 
Hence, the surface area of the adsorbent has an important effect on the 
chromatographic properties. The surface area is a function of pore 
diameter and pore volume (35). As pore volume increases, so does sur-
face area, but as pore diameter increases, surface area decreases. 
{iii) Particle Size and Geometry. Generally, smaller particle 
size gives a smaller height equivalent to a theoretical plate (HETP), 
according to the relationship: HETP ~d 1 • 4- 1 "8 (49). Hence the column 
p 
d 2 1.4-1.8 
efficiency, N, will be improved by a factor of (~) , where dp2 
dpl 
and dpl are diameters of the larger and the smaller particles, re-
spectively. Since the rigid adsorbent fixes the positions of the 
23 
reactive groups or adsorption sites on its surface, the interaction of 
the functional group in a sample varies with the geometry of the ad-
sorbent, being stronger when the positions of groups and sites are 
matched. 
(iv) Acidity of the Adsorbent. Since the hydronium ion is involved 
in ion-pair formation (Equation (51)), the acidity of the adsorbent will 
have large effect on adsorption. The more acidic the adsorbent, the 
more favored is the ion-pair formation. 
c. Solvent Composition 
For ion-exchange systems, the degree of retention of a sample de-
l 
pends on the pH of th~ mobile phase. For gradient elution, the separa-
tion (or selectivity) is improved by varying the concentration of the 
mobile phase because the optimum retention times will be obtained. 
d. Net Adsorption Energy 






then Equation (54) is simplied as 





The interaction energies are determined by the interaction of either 
Y or A with the adsorbent surface. If the same solvent (mobile phase) 




LIQUID-LIQUID DISTRIBUTION STUDIES OF 
8-HYDROXYQUINOLINIUM-ANION 
PAIR SYSTEMS 
This chapter reports some studies of liquid-liquid extraction of 
8-quinolinium cation by batch extraction. a-Hydroxyquinoline was used 
in solutions with isopentyl alcohol or 1-butanol as solvents. Salts of 
the anions to be studied were dissolved in aqueous solutions at pH's 
between 1 and 2. 
The perchlorate anion was studied in isopentyl alcohol/H2o system. 
A partition constant value of 0.76 was obtained. This value is compar-
able with the 0.80 reported by Mottola and Freiser (21). Several other 
inorganic anions containing hydroxyl group (such as HSO~, H2P04 , and 
HSeo;), halogens (such as Cl and I), and oxygen (such as Aso; and 
I04 ) were also included in the study. Organic anions containing 
carboxylate group (such as benzoate and acetate) and same of interest 
in pharmacology (such as penicillinate) or in industry (such as 
£-toluenesulfonate) were also studied. 
This part of the work was concentrated on the estimation of the 
8-hydroxyquinolinium-anion pair partition constant for each system and 
on the pH profile of distribution ratios. The data collected was later 
used in the design of separation schemes. 
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A. Partition Constants of 8-Hydroxyquinolinium-
Anion Pairs Between Isopentyl Alcohol and 
Aqueous Phases in Low-pH Region 
1. Experimental 
a. Reagents 
Isopentyl alcohol, CH3-cH-CH2-cH20H, (Baker Analyzed Reagent) was 
I 
CH3 
purified by shaking 250 ml of isopentyl alcohol with 100 ml of 0.01 M 
sodium hydroxide solution and then rinsing four times with 125 ml of 
deionized-distilled water in order to remove ,oxidants from the solvent 
(22) • 
The following chemicals of analytical-reagent grade were used 
without further purification. 
OH 
- 8-Hydroxyquinoline, 00 Eastman Organic Chemicals •. 
- Sodium hydrogen sulfate, NaHso4 , 'Baker Analyzed' Reagent. 
- Sodium iodide, Nai, 'Baker Analyzed' Reagent. 
- Sodium dihydrogen phosphate, NaH2Po4 , 'Baker Analyzed' Reagent. 
- Glacial acetic acid, CH3COOH, DuPont Reagent. 
- Sulfuric acid, H2so4 , DuPont. Reagent. 
- Hydrochloric acid, HCl, DuPont Reagent. 
- Sodium arsenite, NaAso2 , General Chemical Company. 
- Sodium selenite, Na2seo3, Pfaltz Bauer, Inc. 
- Benzoic acid, c 6H5COOH, 'Baker Analyzed' Reagent. 
- Sodium hydroxide, NaOH, 'Baker Analyzed' Reagent. 
- Sodium meta-periodate, Naio4 , 'Baker Analyzed' Reagent. 
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- Sodium perchlorate, NaClo4 , G. Frederick Smith Chemical Co. 
- Perchloric acid, HC104 , DuPont Reagent. 
All aqueous solutions were prepared using deionized-distilled 
water which was obtained by distilling laboratory deionized water, 
through a Corning AGla boiler. 
b. Apparatus 
A Corning Model 7 pH meter, equipped with a Sargent miniature com-
bination electrode (S-30070-10), was used for all pH measurements. The 
pH readings were estimated to ±0.01 units. When measuring pH, solu-
tions were maintained at a constant temperature (25 ± 0.2 °C) by use 
of a water bath equipped with a temperature regulator (Brinkmann IC-2). 
I 
Spectrophotometric measurements were recorded on a Bausch and Lomb 
Spectronic 505 spectrophotometer. A pair of matched quartz cells (1 em) 
were used and the absorbance readings were estimated to ± 0.001 units. 
A modified shaker with 31 strokes/min was used ·for shaking in all of 
the batch experiments. The shaker is based on an air-driven mechanism 
provided by a vacuum motor for a windshield wiper of the type commonly 
used in cars before the advent of electric motors for the same purpose. 
A picture of the shaker is shown in Figure 3. 
c. Procedure 
(i) Calibration Curve for 8-Hydroxyquinolinium Ion in Acidic Solu-
tions. A stock solution containing 6.50 x 10-4 M of 8-hydroxyquinolin-
ium ion was prepared by dissolving a suitable amount of 8-hydroxyquino-
line in an acidic solution (such as: 0.10 ~hydrochloric acid or 0.10 M 




of (0.50 - 5.0) x 10 ~were prepared by diluting the stock solution 
with the corresponding acidic solution. Since the color of 8-hydroxy-
quinolinium ion is yellow, the absorption spectrum (Figure 1) shows 
that 8-hydroxyquinolinium ion has a maximum absorbance around 360 nm; 
this wavelength was chosen for measuring the 8-hydroxyquinolinium 
species. Readings of absorbance were obtained spectrophotometrically 
using the corresponding blank solution as reference. A calibration 
curve was made by plotting absorbance versus concentration and by least-
square fitting, the molar absorptivity of the 8-hydroxyquinolinium 
species was calculated. 
(ii} Distribution Studies of 8-Hydroxyquinolinium-Anion Pairs 
Between Isopentyl Alcohol and Aqueous Phases (21). A suitable amount of 
a-hydroxyquinoline dissolved in isopentyl alcohol (in the range of 
-3 (1-3) x 10 ~) was used as organic phase. Anions being studied were 
prepared in aqueous solutions. Ionic strengths were adjusted to 0.1 M 
by the addition of salts (such as NaHso4, NaCl, NaCl04 , and Na2so4) and 
pH was adjusted to 1-2 by addition of H2so4 • 
0 Distribution studies were performed at room temperature (-25 C) by 
pipetting equal volumes (10-15 ml) of the organic phase and aqueous 
solution into 35-ml vials, which were stoppered with plastic caps. The 
mixture was shaken for 15 minutes in the shaker. Beyond 15 minutes of 
shaking, no sufficient difference in the values of distribution ratios 
was observed (21). After equilibrium, the solutions were placed in the 
thermostat at 25 oc for one hour to ensure phase separation. 
After that, an aliquot (-7 ml) of the aqueous phase was removed. 
Some portion of the aliquot (-2 ml) was used for pH measurement at 25 oc 
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in the thermostat; the reading was taken as the equilibrium pH value. 
The other portion of the aliquot (5.00 ml) was pipetted and transferred 
to a 20-ml beaker. The pH of the aliquot was adjusted to 1. 0 as close 
as possible by adding 1.0 ~ HCl (or other suitable acidic solutions) 
dropwise. The solution was then transferred to a 25-ml volumetric flask, 
with rinsing and diluting to the mark with 0.10 M HCl (or another cor-
responding acidic solutions). The same procedure was used for preparing 
the blank in order to minimize errors that might be possible because of 
molar absorptivity dependence on the ratio of water to organic solvent. 
Absorbance readings for the sample solutions were measured spectre-
photometrically at 360 nm against the blank. 
The concentration of 8-hydroxyquinolini~ ion in the aqueous phase 
was calculated from the calibration curve. Abcording to Beer's law, 
A = e: b c (57) 
where 
A = absorbance; e: = molar absorptivity in ~-l cm-l b = cell length 
in em; and c = molar concentration in ~' a plot of absorbance versus 
concentration gives a straight line with e:b as the slope. Since b is 
1.00 em, the molar absorptivity has the same value as the slope. Since 
the total concentration of a-hydroxyquinoline, CHO , introduced was known, 
X 
the distribution ratio can be easily calculated from Equation (58). 








at pH of 1-2, Equation (58) can be 
(58) 
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rewritten as follows: 
D = (59) 
2. Theory and Formula Used 
a. Dyrssen's Model 
Equation (1), which was used by Dyrssen and derived in Appendix A, 
was used to estimate values of ~(H 0+ A-) which are intercepts from 
2 x' 
plots of D versus 
b. Modified Model 
In deriving Equation (1), assumptions of large [A-] .and large K 
w a 
were made so that the side reaction of forming HA was neglected. If the 




in aqueous phase is considered, ~(HXtA-) and KD(X) can be calculated 
from Equations (41) for a strong acid; and from Equation (43) for a 
general case (i.e., when Ka is relative small and/or CA_ is only slightly 
in excess of CX; where X represents HOx) by incorporating with the mass 
balance equation of A (Equation (38) or (60), the mass balance equation 




However, the results obtained from Equation (43) were not satisfactory 
because KD(HO ) values calculated were negative. Hence, two simplified 
X 
equations (44) and (45) were also tested. 
3. Results 
a. Calibration curves for 8-hydroxyquinolinium ion at 360 nm in 
0.10 M HCl and in 0.10 ~ HC104 are shown in Figures 4 and 5, respective-
ly. Molar absorptivities for 8-hydroxyquinol~nium ion at 360 nm obtained 
from calibration curves are 
3 -1 -1 and 
3 -1 -1 
1.70 X 10 M em 1. 72 x 10 ~ . em , 
respectively. These values are comparable with the value (1.65 ± 0.03) 
3 -1 -1 
x 10 ~ em , as reported by Mottola and Freiser (21). 
b. Using Dyrssen's equation, plots of D versus 
- - -inorganic (Clo4 , Hso4 , Cl , I , H2Po4 , Aso2 , Hseo3 , and ro4) and organic 
anions are shown in Figures 6-15, respectively. 
Slopes, Ka1 ·KD(HO )'and partition constants for 8-hydroxyquinolinium-
x 
anion pairs, KD(H 0+ A-), obtained between isopentyl alcohol and aqueous 
2 x' 
solutions are tabulated in Table II. The KD(H 0+ A-) values calculated 
2 x' 
from the modified equations (44) and (45) are also listed in Table II 
-5 
using the values of Ka1 = 1.41 x 10 and KD(HO) = 62.2 (21). 
X 
c. Since periodate anion, ro4 , is a strong oxidizing agent and 










1 2 3 4 5 
Concentration of 8-Hydroxyquinolinium Ion (X 104 ~) 
Figure 4. Calibration Curve for a-Hydroxyquinoline in 0~10 M 
HCl at 360 nm 
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Figure 5. Calibration Curve for 8-Hydroxyquinoline in 0.10 M 
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Figure 10. Plot to Determine ~(H 0+ H2Po4 ) 
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Figure 11. Plot to Determine KD(H 0+ in Isopentyl Alcohol System 





0 20 40 60 80 100 120 
Figure 12. Plot to Determine ~(H 0+ -) in Isopentyl Alcohol System 
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Figure 13. Plot to Estimate ~(H 0+ - in Isopentyl Alco-
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Figure 14. Plot to Determine KD(H 0+ ) in Isopentyl Alcohol 
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Figure· 15. Plot to Determine ~(H 0+ in Isopentyl 
Alcohol System 2 x' CH3COO ) 
TABLE II 
SUMMARY OF K( + -) AND SLOPE OF Ka1 ·K ( ) IN ISOPENTYL ALCOHOL SYSTEM USING DYRSSEN'S EQUATION; D H20 ,A D HO X X 
Kf(A-] AND K ( + -) FROM MODIFIED EQUATIONS; AND SOME PROPERTIES OF ANIONS 


















































































Ka is estimated as 100 for strong acids; others are obtained from Reference (51). 
-5 
Kf[A-]w • Ka1 ·KD(HO )/slope of Dyrssen's Eq.; where Ka1 = 1.41 x 10 and KD(HO ) = 
c. 
X X 

















62.2 (21) were used. 
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are not reproducible at the same pH if measured at different times after 
equilibrium is attained. The I),(H 0+ IO-) value varies from 1.07 to 
2 x' 4 
0.44 as shown in Figure 13. Hence, IO~ is not listed in Table II. 
4. Discussion 
a. The partition constants of the 8-hydroxyquinolinium-anion pair, 
K + - obtained from Dyrssen's model can be qualitatively explain-
D(H2ox,A )' 
ed from the viewpoint of the nature of anion and the side reactions 
(protolysis) that have been described in Chapter II. A. 2. a and c. 
The I),(H2o:,A-) value increases in the order of Cl 
< I This 
is not only because Cl has the smallest crystal radius and the largest 
I 
hydrated radius (Table II) among the three anions but also because the 
I . 
nature of solvent affects. Hence, Cl is the most strongly solvated (or 
attracted) by water and the K + - value is the lowest one. A plot 
~D(H20X,A ) 
of I),(H 0+ A-) versus anionic radius is shown in Figure 16. This proves 
2 x' 
that, as expected, large and poorly hydrated anions tend to form ion 
pairs that are more soluble in the organic phase than in the aqueous 
- - -phase (27(a)). The I),(H 0+ A-) values for Hso4 , HSeo3 , H2Po4 , c6H5coo, 
2 x' · 
and CH3coo are also small compared to that of ClO~ because they contain 
either a hydroxyl or a carboxylic group, a highly hydrophilic component. 
Hence, these anions are strongly hydrated by water, especially HSO~, and 
have only little tendency to be extracted into the organic phase. The 
~(H 0+ A-) value for Aso; is smaller than that of ClO~ probably because 
2 x' 
of the trend of the radius. The side reaction of protolysis may also 
affect and lower the ~ (H 0 + A-) values as indicated in Table II for 
2 x' 
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Figure 16. XDcH 0+ A-) Versus Crystal Radii of Anion in Isopentyl Alco-
2 x' 
hol System Using Dyrssen•s Model 
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b. The slopes obtained from Dyrssen's equation are the product of 
Ka1 and l),(HO )" Since Ka1 is a constant, as shown in Table I, the 
X 
partition constant of a-hydroxyquinoline, ~(HO )'between isopentyl 
X 
alcohol and aqueous phase is calculated and tabulated in Table III. 
The distribution ratio for a-hydroxyquinoline in neutral aqueous 





Since [H2o+] and [o-] are smaller than [HO ] at neutral solutions, X W X W X W 
Equation (63) can be rewritten as 
D 
(HO ] 





Equation (64) shows that, in a given organic solvent, l),(HO ) will be 
X 
a constant at neutral aqueous solutions. The l),(HO ) value between 
X 
isopentyl alcohol and aqueous phase was reported as 62.2 ± 0.03 by 
Mottola and Freiser (21). However, the KbcHo) values (Table III) ob-
x 
tained from the slope of Dyrssen's equation show that only the values 
- -for HSeo3 , Aso2 , and Cl are close to this constant. Others are either 
too large or too small. This is because Equation (1) proposed by Dyrssen 
corresponds to a too simplified model. 
c. When the modified equation (Eq. (44)) was used, the Kf(A-]w 
values were calculated from the slope and the values of Ka1 • 
and KD(HO ) = 62.2 (21) were used. The KiA-]w values listed 
X 
-3 
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where Ka1 = 1.41 x 1~-S (21) is used and the relative ' error is based 
on KD(HO) = 62.2 (21). 
X 
II are all smaller than 1 except that for benzoate; these results con~ 
tradict the assumption (Kf[A-]w >> 1) made. Since Kf[A-] values ob-
t!ined from Eq. (44) are smaller than 1, they are used to estimate 
KD(H 0+ A-) values from the intercept of Equation (45). 
2 x' 
so 
values obtained are comparable with those obtained from Dyrssen's equa-
tion but are larger. However, the values for Hso4 and H2Po4 are really 
too large. 
d. Since the ~(H 0+ A-) values obtained have a good qualitative 
2 x' 
correlation using either Dyrssen's model or a modified model, the ion-
pair partition constants fit the model well and the estimate of 
~(H 0+ A-) from the intercept is applicable •. While the KD(HO ) values 
2 x' : x 
obtained from the slope change from one anion jto another, this may be 
because the slope term also depends on the concentration of anions as 
indicated in Equation (43) or on some more complicated terms besides the 
+ (H ]. 
B. Partition Constants of 8-Hydroxyquinolinium-
Anion Pairs Between !-Butanol and Aqueous 
Phases in Low-pH Region 
1. Experimental 
a. Reagents 
1-Butanol, CH3cH2CH2cH2oH, (Baker Analyzed Reagent) was purified by 
shaking with 0.01 ~ sodium hydroxide solution and then rinsing with 
deionized-distilled water as described in Chapter III.A.l.a. 
A. R. chemicals of a-hydroxyquinoline, sodium hydrogen sulfate, 
Sl 
sodium iodide, sulfuric acid, hydrochloric acid, sodium hydroxide, sodium 
perchlorate, and perchloric acid were used as described in Chapter III.A. 
l.a. Besides of these, potassium penicillin G, 
0~ OK "i':C...,... 
, 
@-
H 01 i~CH3 
I s CH3 
c-c-N 
I II I 
H 0 H 
(E. R. Squibb and Sons, Inc., U.S.P.) and £-toluenesulfonic acid, 
CH3-~so3H, (Baker Analyzed Reagent) were used without further 
purification. All aqueous solutions were prepared using deionized-dis-
tilled water. 
b. Apparatus 
Same as described in Chapter III.A.l.b. 
c. Procedure 
The calibration curve of 8-hydroxyquinolinium ion in 0.10 ~ HCl at 
360 nm was used. The procedure for the distribution studies was the 
same as that described in Chapter III.A.l.c. except that !-butanol was 
used instead of isopentyl alcohol. Ionic strengths of aqueous phases 
were adjusted to 0.1 M with addition of salts (for example, NaHSo4, 
Na2so4, NaCl, Nai, or NaCl04) and the pH was adjusted to 1-2 with H2so4• 
2. Theory and Formula Used 
Same as described in Chapter III.A.2. 
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3. Results 
3 -1 -1 a. A molar absorptivity of 1.70 x 10 M em for a-hydroxy-
quinolinium ion at 360 nm was used as described in Chapter III.A.3.a. 
b. By using Dyrssen's equation, plots of D versus for 
several inorganic (Hso4 , Cl-, I-, and ClO~) and organic (penicillinate 
and £-toluenesulfonate) anions are shown in Figures 17-22, respectively. 
Slopes, Ka1 ·KD(HO )'and partition constants for 8-hydroxyquinolinium-
x 
anion pairs, l),(H 0+ A ... ), between !-butanol and aqueous phase are tabu-
2 x' 
lated in Table IV. The KD(H 0+ A-) values calculated from the modified 
2 x' 
equations (44, 45) are also listed in Table IV using the values of 
-5 
Ka1 = 1.41 X 10 and l),(HO) = 45.4 (21). 
X 
4. Discussion 
a. The partition constants, l),(H 0+ A-)' obtained from Dyrssen's 
2 x' 
model are explained as follows: 
The KD(H 0+ A-) value for penicillinate is as small as that of 
2 x' 
bisulfate. It is considered that the side reaction of protolysis (Eq. 
(24)) may occur and lower the KDcH 0+ A-) value. Table IV also indicates 
· 2 x' 
that CA_ for penicillinate used is about 1.5 times as large as that of 
CHO instead of about 30 times for other anions studied. In fact, the 
X . 
benzylpenicillinate is unstable in an acidic solution (52). This may be 
the reason why the l),(H 0+ A-) value for penicillinate is low in the pH 
2 x' · 
region of 1-2. 
-The KDcH 0+ A-) value increases in the orfer of HS04 < Cl < I 
2 x' 
< 
Cl04 < £-toluenesulfonate. This is because HSO~ contains the hydroxyl 
o.s 
c 0.4 
0.3L---------~--------~--------~---------L---------L--------~--------~ 0 10 20 30 40 50 60 
Figure 17. Plot to Determine ~(H 0+ 880-) in 1-Butanol System 
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Figure 20. Plot to Determine ~(H 0+ ClO-) in 1-Butanol System 






a o. 3 
0.2 
o.~~--------~--------~--------~----------4---------~ 
0 20 40 60 80 100 
Figure 21. Plot to Determine 1):, (H 0 + . illi t ) in 1-Butanol 
System 2 x'pen1 c ~a e 
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Figure 22. Plot to Determine K + in 1-Butanol 
S t D(H2o ,£-toluenesulfonate) ys em x 
c 
(Ka) a c - HOx A 
10 3 10 3 for X X 
Anion HA (;:!) (~!) 
HS04 100 74 1. 51 
Cl 100 1~0 1.50 
I 100 50.8 1. 50 





sulfonate 100 100 1. 51 
TABLE IV 
Ka1 ·~(HO) IN 1-BUTANOL SYSTEM USING DYRSSEN'S EQUATION; 
X 
MODIFIED EQUATIONS: AND SOME PROPERTIES OF ANIONS 
Dyrssen's Equation Hodified Eauation Crystal Hydrated 






(X 10 3 ) K0 (H 20x,A 
(50) (50) 
D(H20x,A ) 
0. 39 1. 02 0.628 o:57 
0.55 4.69 0.136 4.04 l. 81 2.55 
0.92 7.95 0.0805 11.4 2.16 
1.80 17.8 0.0360 50. 2.36 2.43 
0.38 0.434 1.47 0.26 
3.0 2 3. 7 0.0270 111. 6.8d 
a. Ka is estimated as 100 for strong acids; the other is from Reference (52). 
b. Kf[A-]w 
-5 
Ka1 ·KD(HO )/slope of Dyrssen's Eq.; where Ka1 = 1.41 x 10 and KD(HO) 45.4 (21) were used. 
X X 
c. K + 
D(H20x,A 
Intercept of Equation (45)/t-he value of Kf[A-]w. 
d. Estimated from the molecular model (Godfrey Molecular Models) . 
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(-OH) group, which is more hydrophilic than other anions used. Since 
the crystal radius increases in the order of Cl < I < c1o4 < 
£-toluenesulfonate and the hydrophobicity also increases in this order, 
the hydration of the anion in the aqueous phase decreases in the order 
of Cl > I > c1o4 > £-toluenesulfonate. Moreover, the £-toluenesulfon-
ate is a highly polar species (53) which is largely extracted into a 
+ polar organic solvent after fonning the (H2ox, £-toluenesulfonate) ion-
pair. A plot of ~(H 0+ A-) versus ~rystal radius is shown in Figure 
2 x' 
23. 
b. A comparison of the polarity of organic solvents as mentioned 
in Chapter II.A.b. for the same ion-pair extraction shows that the 
KD(H 0+ A-) values for HSO~, Cl-, I-, or ClO~;in 1-butanol are about 
2 x' 
twice as large as those in isopentyl alcohol.~ This is because 1-butanol 
has a larger solubility parameter (or polarity) than that of isopentyl 
alcohol due to both larger polar interaction (15 ) and greater hydrogen 
p . 
bonding (ISh) as described in Equation (13) and shown in Table v. The 
+ - . mutual hydrogen bonding between 1-butanol and an ion pair of CH2ox,A ) 
occurs as depicted in Figure 24. 
•• 
CH3 - CH2 - CH2- CH2 -0 - H 
•• • I 
I 
Figure 24. Hydrogen Bonding Between 1-Butanol and 
an (H2o+,A-) Ion Pair X . 
4 
3 
1 0 I 
0 Cl-
0 
0 1 2 
Figure 23. ~ + -(H20X,A ) 
3 4 
crystal Radii <i> 
Versus Crystal Radii of Anion 
5 6 







SOLUBILITY PARAMETERS OF ISOPENTYL ALCOHOL AND !-BUTANOL 
Org;anic Solvent Iso~ent~l Alcohol 1-Butanol 
Solubility Parameter 
~ 
11.4a,b c5(cal) l0.9a 
ml 
c5d 7.8c 7.8b 
6 2.2c 2.8b 
p 
oh 6.8c 7.-f 
a. From Reference (21). 
b. From Reference (54). 
c. Estimated from 1-pentanol :J,.n Reference (54). 
c. As before, the slopes obtained from Dyrssen's equation are 
Ka1 ·KD(HO )" Since Ka1 is known, the partition constant of 8-hydroxy-
x 
quinoline, KD(HO )'between 1-butanol and aqueous phase is calculated; 
X 
values are listed in Table VI. The KD(HO ) value was reported as 45.4 
X 
(21) in 1-butanol. However, the values of ~ (HO ) in Table VI calcu-
x 
lated from the Dyrssen's equation show that all are larger than this 
constant except that for penicillinate, which is lower. Again, this 
occurs because Equation (1) proposed by Dyrssen is too simplified. 
d. When the modified equation (Eq. (44)) was used, the K~A-]00 
values were calculated from the slope and the values of Ka1 z 1.41 
63 
-5 
x 10 and ~(HO ) = 45.4 (21) were used. 
X 
The Kf[A-]00 values tabulated 
I 
in Table IV are smaller than 1 except that for penicillinate; these re-
values obtained were used to estimate the ~(H 0+ A-) values from the 
. 2 x' 
intercept of Equation (45). The KD(H 0+ A-) values obtained are compara-
2 x' 
ble with those obtained from Dyrssen's equation but are larger. Again, 
it is concluded that both Dyrssen's model and the modified model are 
good for estimating ~(H 0+ A-) values. However, the slope term must 
2 x' 
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-5 where Ka1 = 1.41 x 10 (21) is used and the relative t error is based 
on KD(HO) = 45.4 (21). 
X 
CHAPTER IV 
LIQUID-SOLID DISTRIBUTION STUDIES OF 8-HYDROXY-
QUINOLINIUM-ANION PAIR SYSTEMS 
Controlled-pore glass is manufactured specifically as a support 
material for use in liquid chromatography (35) because it is made from 
borosilicate base material which possesses a high mechanical strength; 
it is suitable for high-pressure operation. Moreover, controlled-pore 
glass offers several additional advantages: ir is convenient to handle; 
it is thermally stable; and it does not sweli with changing environments. 
Hence, a-hydroxyquinoline immobilized (chemically bonded) on controlled-
pore glass (CPG-8HO ) was chosen for study. Results of these studies 
X 
are reported in this chapter. 
Distribution studies using CPG-SHO resin, manufactured by Corning 
X 
Chemical Company, were performed as batch experiments. £-Toluenesulfon-
ate ion was selected as counterion since it showed the largest 
K + - among anions studi~d in liquid-liquid systems. Chloride ion 
D(H20x,A ) 
was also used as a counterion and the results were compared with those 
for £-toluenesulfonate ion. Distribution studies with CPG-8HO 
X 
paralleled the observations in liquid-liquid systems. The studies were 
extended to include several other sulfonates, such as, aromatic aulfon-
ates (benzenesulfonate, 2-mesitylenesulfonate, and 1-naphthaleneaulfon-
ate) and aliphatic sulfonates (methanesulfonate and ethanesulfonate). 
Part C of this chapter was concentrated on the distribution studies of 
65 
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aliphatic and aromatic sulfonates using CPG-aHo resin in batch experi-x 
ments. The experiments were designed with the idea of collecting infor-
mation useful for the application of CPG-aHO as a chromatographic sup-
x 
port for the separation of industrially relevant sulfonates. 
Since the Corning Chemical Company discontinued the manufacture of 
CPG-aHO resin in April 197a, synthesis of this resin was performed in 
X 
our laboratory, and is described in Part D of this chapter. Starting 
material was aminopropyl controlled-pore glass. Some characteristics 
(such as capacity for a-hydroxyquinoline binding and pKa1 of a-hydroxy-
quinolinium ion from CPG-BHO resin) were also determined and are re-x 
ported in Part D. Distribution studies for aromatic and aliphatic sul-
fonates using the synthesized CPG-aHo resin •ere also carried.out and 
X 
are summarized in Part E. The results of distribution coefficients 
using the synthesized CPG-aHO and Corning CPG-aHo are also compared 
X X · 
in this chapter. 
A. Distribution Studies Using Immobilized 
1. Experimental 
a. Reagents 
a-Hydroxyquinoline on Controlled-Pore 
Glass (CPG-aHo ) Manufactured by 
X 




H 0 ~Q~ 
The Corning CPG-aHo resin, 
X 
I 1 I ~ 
- Si-(CH ) - N-c-@-N•N ' 
I 2 3 
67 
was purchased from the Pierce Chemical Company. The resin has particle 
diamater of 177 - 840 microns, an average pore size of 550 R, a surface 
area of 70 m2/g, and a reported capacity of 0.03 mmoles of bonded 
a-hydroxyquinoline per gram of resin. The Corning CPG plain glass 
I 
beads (-Si-) were also purchased from the Pierce Chemical Company. The 
I 
plain glass beads have the same pore size and surface area as that of 
Corning CPG-SHO resin, but a smaller particle diameter (37 - 74 
X 
microns). 
£-Toluenesulfonic acid, sodium hydroxide, sodium chloride, and 
hydrochloric acid were described previously and used without further 
purification. Deionized-distilled water was used to prepare all aqueous 
solutions. 
b. Apparatus 
A .Beckman Zeromatic pH meter and a Sargent miniature combination 
electrode (S-300700-10) were used for all pH measurements. The Spectre-
photometer and the quartz cells, described in Chapter III.A.l.b., were 
used for absorbance measurements in the UV region. A modified shaker 
(Figure 3), described previously, was used for shaking the CPG-BHO resin 
X 
and aqueous solutions to reach equilibrium. 
c. Procedure 
A small amount (~0.600 g) of CPG-SHO resin was weighed in a 20-ml 
X 
beaker and transferred to a 35-ml vial by using deionized-distilled 
water. The resin was washed four more times with deionized-distilled 
water and then the water in the vial was removed as much as possible by 
incliningthe vial and absorbing the water with "kimwipes". 
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Solutions containing £-toluenesulfonate ion in the range of (0.50 -
-3 5.00) x 10 ! were prepared in 50-ml volumetric flasks. Ionic strengths 
(0.025- 0.775 ~) were adjusted with NaCl solution and their pH (1.1-
8.0) were adjusted with 0.10 M HCl or 0.10 M NaOH solutions. A volume 
(3.00 ml) of known concentration of £-toluenesulfonate solution was 
pipetted into each vial, which was stoppered with a plastic cap. The 
mixture was shaken in the shaker (31 strokes/min) for 30 minutes at room 
0 temperature (-25 C). Beyond 20 minutes of shaking, no significant dif-
ference in the values of distribution ratio was observed. After equilib-
rium the mixture was allowed to stand in a thermostated bath (25.0 ± 0.2 
0 . 
C) for another 30 minutes. Then a suitable aliquot (-1.0 ml) was trans-
ferred to a 5-ml beaker which was thermostated at 25.0 ± 0.2 °c. This 
was used for pH measurement; the reading taken as the equilibrium pH 
value. The £-toluenesulfonate solution remaining in the aqueous phase 
after equilibration was diiuted and used for spectrophotometric measure-
ments. Since £-toluenesulfonate solutions show maximum absorbance around 
259 nm, the absorbance was measured at this wavelength and against 
deionized-distilled water as blank. A calibration curve was made by 
measuring absorbance with a series of known £-toluenesulfonate concen-
trations. From interpolation into the calibration curve, the concentra-
tion and then the amount of £-toluenesulfonate remaining in the solution 
were calculated. The resin was reused after washing with deionized-
distilled water (100 ml/0.6 g resin) and drying at -130 °c in an oven 
for 1 hour. 
One set of experiments to ascertain the effect of pH on the molar 
distribution coefficient at constant ionic strength (0.10 M) and 
-3 . 
£-toluenesulfonate concentration (5.00 x lO M) were run using Cor~ing 
69 
plain CPG glass beads in order to compare the results with those obtain-
ed Corning CPG-8HO resin. 
X 
2. Formula Used 
The mass balance equation for £-toluenesulfonate (PTS ) ion can be 
expressed as in Equation (65). 
(~~~~~)= PTS added (~unt of PTS ) + on the resin ( ~unt of PTS ) remaining in solution (65) 
Since the total amount of PTS added is known and the amount of PTS re-
maining in solution can be calculated, the amount of PTS on the resin 
can be obtained from Equation (65). 
The molar distribution coefficient, Kd, is then calculated from the 
definition (48) as: 
Millimoles of Anion on the Resin Per Gram of Resin (66) 
Millimoles of Anion Remaining in Solution Per ml of Solution 
where the anion is the species studied. 
3. Results 
a. Calibration Curve for p-Toluenesulfonate 
Ion Estimation 
A plot of absorbance versus £-toluenesulfonate concentration is 
shown in Figure 25. 
1 2 3 
£-Toluenesulfonate Concentration (X 103 M) 
Figure 25. Calibration Curve for £-Toluenesulfonate Ion at 259 nm 
b. Effect of pH on Kd at Constant Ionic 
Strength (0.10 ~) and £-Toluenesulfonate 
Concentration (5.00 x 10-3 M) 
71 
A plot of Kd versus pH for both CPG-8HOx resin and CPG plain glass 
beads is shown in Figure 26. 
c. Effect of £-Toluenesulfonate Concen~ 
tration on Kd at Constant Ionic Strength 
(0.10 M) and pH (1.5) 
A plot of Kd versus PTS concentration is shown in Figure 27. 
d. Effect of Ionic Strength on Kd at 
Constant £-Toluenesulfonate Concen-
tration (5.00 x 10-3 ~) and pH (1.8) 
A plot of Kd versus ionic strength is shown in Figure 28. 
4. Discussion 
When Corning CPG-8HO resin is used, the results obtained in 
X 
Figures 26 and 27 show that Kd values increase with increasing concentra-
tions of hydronium ion and £-toluenesulfonate ion at a constant ionic 
strength. + -It may be concluded that the (CPG-8H2ox, PTS ) complex is 
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Figure 26. Effect of pH on Kd at Constant Ionic Strength (0.10 M) and £-Toluenesulfonate Concen-
tratio.n (5.00 x 10-3 M) 
£-Toluenesulfonate Concentration (X 10+ 3 _~) 
Figure 27. Effect of PTS Concentration on Kd at Constant Ionic Strength 
(0.10 M) and pH (1.5) 
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(CPG - 8HO } 
X 
+ + H + PTS 
resin 
I 
b. The Kd values obtained in Figure 26 using Corning CPG-8HOx 
75 
(67) 
resin and Corning CPG plain glass beads indicate that there is a co~ 
petition between the (CPG-8H2o:, PTS-) ion-pair association on the CPG-
8HO resin and the static attraction (or adsorption) of PTS- on the 
X 
plain CPG glass beads. 
c. Figure 28 shows that Kd value decreases when the ionic strength 
increases. The Kd value also decreases rapidly when _the ionic strength 
is smaller than 0.1 M and becomes constant when ionic strength is 
greater than 0.6 ~· This may be due to competition of chloride ion to 
+ -form the (CPG-8H2ox,A) as expressed in Equations (68) and (67). 
(CPG-8HO ) + H+ + Cl 
X • resJ.n ' (68) " 
The Kd value becomes constant at 2.8. This may be because the available 
sites on the CPG-8HO resin are saturated with chloride ion at ionic 
X 
strength of 0.60 M. 
B. Distribution Studies Using the Corning 
CPG-8HO Resin : Chloride Ion 
X 
as Counter Ion 
Chloride ion was selected because of the following: 
76 
1. Sodium chloride is a neutral salt and it is easier to use for 
adjusting the ionic strength of aqueous solutions to a constant value 
(0.10 ~) than sodium bisulfate. 
2. + -The partition constant for (H2ox,Cl ) is relatively small com-
+ -pared with that for (H2ox,PTS ) as shown by liquid-liquid distribution 
studies in Chapter III. If the same trend is followed, the molar 
distribution coefficient for PTS should not be much lowered by com-
petition with Cl-. 
3. Chloride concentrations can be easily measured using an ion-
selective membrane electrode. 




The Corning CPG-8HO resin and the A. R. reagents sodium hydroxide 
X 
and hydrochloric acid were described in Chapter IV.A.l.a. The follow-
ing reagents of A. R. grade were used without further purification. 
- Nitric acid, HN03, Mallinckrodt, Inc. 
- Sodium Nitrate, NaNo3, Fisher Scientific Company. 
- Silver Nitrate, AgN03, Goldsmith Bros. Division. 
Deionized-distilled water was used to prepare all aqueous solutions. 
77 
b. Apparatus 
A Beckman Zeromatic pH meter and a Sargent miniature combination 
electrode as described in Chapter IV.A.l.b, were used for all pH measure-
ments. An Orion Model BOlA digital pH/MV meter which can be read to 
± 0.1 MV, a Ag+;s2- ion-selective membrane electrode (Orion Model 94-· 
16A), and a sleeve-type double-junction reference electrode (with Orion 
90-00-02 as the inner filling solution and Orion 90-00-03, 10% KN03 , as 
the outer filling solution) were used for the measurements of free silver 
ion concentration in the solution. 
c. Procedure 
-2 A stock solution of 1.00 x 10 ~ AgNo3 was prepared and stored in 
a brown-color glass bottle. 
-4 A solution of 5.00 x 10 ~ AgN03 was 
freshly prepared by dilutions from stock solution. Ionic strengths of 
diluted silver nitrate solutions were adjusted to 0.10 M with 0.5 M 
NaNo3. Beakers and flasks containing silver nitrate solution were 
covered with aluminum foil to minimize the light effect on silver ion 
during measurements. 
A calibration curve for chloride at room temperature (24.2 °C) was 
made by relating the change of millivolts corresponding to free silver 
ion before and after adding a known amount of chloride solution (3.00 
-3 ml of 0.00 - 8.00 x 10 ~) to a known excess amount of silver ion solu-
-4 tion (50.0 ml of 5.00 x 10 M). Each trial was duplicated. There-
ported values were the average of these two separate determinations. 
Several points were located in each experiment at room temperature 
. 0 
(~25 C) and the results were observed to be very close to those of 
the calibration curve, within an error of 1%. 
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The procedure used for the determination of distribution of 
chloride ion using CPG-8HO resin was as follows: 
X 
A small amount (0.6000 g) of CPG-8HO resin was weighed in a 20-rnl 
X 
beaker. After transferring to a 35-ml vial, the resin was washed with 
deionized-distilled water and the water in the vial was removed as much 
as possible by inclining the vial and absorbing the water with "Kim-
wipes". A series of chloride ion solutions were prepared in 50-ml 
volumetric-flasks. Ionic strengths (0.025- 0.775 ~)were adjusted by 
the addition of NaN03 solution (0.10 - 1.0 ~) and pH values (1.40 -
7.40) were adjusted by 0.10 ~ HN03 or 0.122 ~ NaOH solutions. A volume 
(3.00 ml) of chloride solution was pipetted into a vial, which was 
closed with a plastic cap. The solution andlthe resin in the vial were 
shaken in the shaker for 30 minutes at room temperature (~25 °C). The 
mixture was then allowed to stand in the thermostated bath (25.0 ± 
0.2 °C) for another 30 minutes. After that, an aliquot was transferred 
0 to a 5-ml beaker and the readings of pH at 25.0 ± 0.2 c were taken as 
the equilibrium pH values. The difference of millivolts corresponding 
to free silver ion were obtained by adding 3.00 ml of chloride solution 
(readings were made before addition and after equilibrium) to 50.0 ml 
5 00 0- 4 + . . . 00 1 beak of • x 1 ~ Ag solut~on 1n 1 -m ers. The solution was 
stirred during the measurement of electrical potential values. The 
concentrations of chloride ion added and that remaining in solution 
after equilibrium were obtained from the calibration curve. The resin 
was reused after treatment as described in Chapter IV.A.l.c. 
2 . Formula Used 
Formulae similar to those in Equations (65) and (53) were used ex-
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-cept that Cl was used instead of PTS • 
3. Results 
a. Calibration Curve for Chloride Ion 
The change in millivolts (6mV) corresponding to free silver ion 
before and after adding 3.00 ml of the chloride solution to 50.0 ml of 
5.00 x 10-4 M silver nitrate solution is plotted versus chloride con-
centration in Figure 29. 
b. Effect of pH on Kd at Constant Ionic 
Strength (0.10 M) and Chloride Concen-
tration (5.00 x 10-3 ~) 
A plot of Kd versus pH is shown in Figure 30. 
c. Effect of Chloride Concentration on 
Kd at Constant Ionic Strength (0.10 ~) 
and pH (3.0) 
A plot of Kd versus chloride concentration is shown in Figure 31. 
d. Effect of Ionic Strength on Kd at 
Constant Chloride Concentration (5.00 
-3 
X 10 M) and pH (1.8) 
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Figure 29. Calibration Curve for Chloride Ion 
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Figure 31. Effect of Chloride on Kd at Constant Ionic Strength 







0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 
Ionic Strength (M) 




a. The Kd value obtained in Figure 30 increases slightly with de-
creasing pH, at constant chloride concentration and ionic strength. 
This trend is consistent with the association model of Equation (68). 
The results obtained in Figure 32 indicate the competition of No; with 
Cl + -to form (CPG-8H2ox,A ). 
b. A comparison of Figures 26 and 30 shows that Kd values for PTS 
are about one unit larger than that for Cl in the low-pH region, 
pH = 1 to 2. This indicates that the ion-pair association model for PTS 
and Cl using CPG-8HO resin parallels that of 8-HO in the liquid-liquid 
X X 
system. 
c. Comparing results in Figures 28 and 32, it dan be seen that Kd 
values become constant around 0.6 M when Cl is used to adjust the ionic 
strength in PTS solution while the same occurs at about 0.3 M when N03 
is used to adjust the ionic strength in Cl solution. This may indicate 
that the competition of N03 for sites occupied by Cl to form the 
+ - -(CPG-BH2ox,A ) is more pronounce,d than the competition of Cl for sites 
occupied by PTS . 
c. Effect of pH on the Distribution Coefficient 
of Several Aromatic and Aliphatic Sulfonates 
Using Corning CPG-8HO Resin and 
. X 
· CPG Plain Glass Beads 
1. Experimental 
a. Reagents 
Both Corning CPG-BHOx resin and CPG plain glass beads, as described 
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in Chapter IV.A.l.a., were purchased from the Pierce Chemical Company. 
Besides the chemicals described in Chapter IV.A.l.a., the following 
chemicals of A. R. grade were used without further purification. 
- Benzenesulfonic acid, @- so3H ' Eastman Chemical Co. 






- 1-Naphthalenesulfonic acid, 00 , Aldrich Chemical Co. 
- Methanesulfonic acid, CH3so3H, Aldrich Chemical Co. 
- Ethanesulfonic acid, c2a5so3a, Aldrich 1 Chemical Co. 
Deionized-distilled water was used to prepare all aqueous solutions. 
b. Apparatus 
Same as described in Chapter IV.A.l.b. 
c. Procedure 
(i) For Aromatic Sulfonates. Same as described in Chapter IV.A.l.c., 
except that the concentration of each sulfonate solution was kept at 
5.00 x 10- 3 ~and the ionic strength was kept at 0.10 ~with NaCl solu-
tion. The same procedure was also used for the CPG plain glass beads in 
order to compare the distribution coefficient due to the attraction of 
sulfonates to the sodium ions which are a part of the glass beads. Since 
benzenesulfonate (BS ), 2-mesitylenesulfonate (2-MS-), and !-naphthalene-
sulfonate (1-NS ) have maximum absorbances at 260 nm, 271 nm, and 281 
nm, respectively, these corresponding wavelengths were selected for 
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spectrophotometric determinations. 
(ii) For Aliphatic Sulfonates. The same procedure as described in 
(i) was used except that a potentiometric. acid-base titration method 
replaced the spectrophotometric determination. Ionic strengths were 
adjusted to 0.10 M with NaCl or NaN03 solutions. After attainment of 
equilibrium, the mixture in the vial was filtered and the filtrate 
containing the sulfonate was used for pH measurements and sulfonate de-
termination. 
A calibration curve was made by titrating a known amount (5.00 -
15.0 mmoles) of an aliphatic sulfonic acid solution with a standardized 
-3 NaOH solution (1.219 x 10 ~). The quantity of the NaOH required to 
reach the end point was obtained, from a second derivative plot of 
2 
6 pH versus milliliters .of NaOH. 
6V2 
2. Formula Used 
The same formulae as those expressed in Equations (65) and (53) 
were used except that the corresponding sulfonate was substituted for 
-PTS • 
3. Results 
a. Calibration Curves for Aromatic and 
Aliphatic Sulfonates 
Calibration curves of absorbances versus concentrations for benzene-
sulfonate (BS-), 2-mesitylenesulfonate (2-MS-), and !-naphthalene sul-
fonate (1-NS ) are shown in Figures 33, 34, and 35, respectively. Cali-
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Figure 35. Calibration Curve for 1-Naphthalenesulfonate Ion at 281 nm 
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bration curves of millimoles of methanesulfonic acid and ethanesulfonic 
acid versus amount of NaOH used are shown in Figures 36 and 37, respec-
tively. 
b. Effect of pH on Kd at Constant Ionic 
Strength (0.10 M) and Sulfonate Concen-
. tration (5. 00 x 10-3 t!_) Using Corning 
CPG-8HO Resin 
X 
A plot of Kd versus pH for aromatic and aliphatic sulfonates 
studied is shown in Figure 38, where the results for PTS are obtained 
from Chapter IV.A.3.b. 
c. Effect of pH on Kd at Constant Ioniq 
Strength (0.10 M) and Sulfonate Concen-
tration (5.00 x 10-3 t!_) Using Corning 
Plain Glass Beads 
A plot of Kd versus pH for aromatic and aliphatic sulfonates is 
shown in Figure 39, where the results for PTS are also obtained from 
Chapter IV.A.3.b. 
4. Discussion 
a. Figure 38 shows that the Kd for aromatic sulfonates increases 
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in the low-pH region, 1-3. This is because the hydrophobicity increases 
with increasing numbers of methyl or aryl carbons (benzene ring in 
1-naphthalenesulfonate) (1) {38) as mentioned in Chapter II.A.2.a. 
Hence, the relative hydrophobicity increases in the order BS- < PTS 
< 2-MS < 1-NS . 
b. Comparing the Kd values for aromatic sulfonates obtained in 
Figures 38 and 39 at low pH (especially at pH around 1) shows that the · 
differences of Kd between sulfonate species is relatively large when 
the CPG-8HO resin is used, while it is very small when the plain CPG 
X 
glass bead resin is used. This shows a high potential for the CPG-8HO 
X 
resin for use as a stationary phase to separate these four aromatic 
sulfonates by liquid chromatography. If suitable acidic solutions are 
I 
used as mobile phases, an elution order of be~zenesulfonate, ~-toluene­
sulfonate, 2-mesitylenesulfonate, and !-naphthalene-sulfonate should be 
obtained because Kd values increase in the order BS- < PTS < 2-MS 
< 1-NS . 
c. The Kd values obtained for ethanesulfonate are larger than 
those of methanesulfonate as shown in Figure 38. This is because the 
former has an additional -cH2- group which gives more hydrophobicity. 
As Figures 38 and 39 show, the difference of Kd between ethane-
sulfonate and methanesulfonate is larger when CPG-SHO resin is used 
X 
and smaller when CPG plain glass beads are used. This also indicates 
that CPG-8HO resin possesses a higher potential to separate aliphatic 
X 
sulfonates than that of CPG plain glass beads. 
d. The Kd values for aromatic sulfonates are lower than for 
aliphatic ones in both Figures 38 and 39. This may be because aliphatic 
sulfonates are more hydrophobic than that of aromatic sulfonates. The 
96 
relative diameters of aliphatic and aromatic sulfonates estimated from 
a molecular model (Godfrey Molecular Models, Inc., New Jersey) are tab-
ulated in Table VII for reference. The large difference in Kd (at 
pH ~2.8) between aliphatic and aromatic sulfonates indicates that a 
group separation for sulfonates is possible. Either CPG-SHO resin or 
X 
even CPG plain glass beads can be used as stationary phase and a suit-
able acidic solution (pH ~2.8) can be used as a mobile phase for liquid 
chromatography. 
e. The Kd's for benzenesulfonate ion using the CPG-SHOx resin are 
slightly lower than those obtained from CPG plain glass beads. This 
may be either because the adsorption of BS on the plain CPG glass 
beads is more favored than the ion-pair assoc~ation of (CPG-8H2o+,BS-) . X 
on the CPG-8HO resin as discussed in Chapter IV.A.4.b., or because of 
X 
the experimental error. 
D. Synthesis of CPG-SHO Resin and Characteristics 
X 
of the Synthesized CPG-8HO Resin 
X 





The aminopropyl controlled-pore glass (CPG-AMP), -si-(CH) -NH, 
• 2 3 2 
was purchased from Electro-Nucleonics, Inc. (New Jersey) • The CPG-AMP 
has particle diameters of 125-177 microns, a mean pore size of 544 i 
(Figure 40), a pore volume of 1.24 cc/g, and a surface area of 57 a 2/g. 
A. R. reagents of a-hydroxyquinoline, sodium chloride, and hydzo-
chloric acid have been described previously. The following cheadcals of 
TABLE VII 
THE RELATIVE VOLUME AND DIAMETER OF SULFONATES ESTIMATED FROM GODFREY MOLECULAR MODELS 
Length Width Height Volume Diameter 
Sulfonate (~) {~) (~) (~)3 cR> 
Methanesulfonate 7.03 6.18 4.00 174 10.1 
Ethanesulfonate 8.91 6.18 4.24 233 11.6 
Benzenesulfonate 10.67 6.18 3.63 239 12.8 
g-Toluenesulfonate 11.64 6.18 3.76 270 13.7 
2-Mesity1enesulfonate 12.0 8.79 3.76 397 15.3 
0 
l-Naphthalenesu1fonate 11.76 9.76 3.52 404 15.7 
(The scale of the model is 2.54 em :3= 1.54 R>. 
Figure 40. Electron Scan Micrograph for CPG-AMP With Particle Diameter of 125-177 ~ and Pore Size of 
544 R. The Magnification is lOOX (Left) and is 30000X (Right) 
A. R. grade were used without further purification. 
0 
-@- II - .2_-Nitrobenzoyl chloride, o2N C -Cl, Aldrich Chemical Co. 
-Triethylamine, N(C2H5) 3, Eastman Organic Chemicals. 
- Sodium dithionite, Na2s2o4 , Eastman Organic Chemicals. 
- Sulfamic acid, NH2so3H, Brothers Chemical Co. (Orange, New 
Jersey). 
- Sodium nitrite, NaNo2 , Baker Analyzed Reagent. 
- Sodium carbonate, Na2co3, Mallinckrodt Analytical Reagent. 
Deionized-distilled water was used to prepare all aqueous solutions. 
b. Procedure 
99 
The scheme for the synthesis of CPG-8HO ~rom CPG-AMP is shown in 
X 
Figure 41. The procedure for step 1 is from reference (55) and steps 
2 and 3 are adapted from references (35) and (56). 
A 2-g portion of CPG-AMP was weighed out in a 50-ml beaker. After 
introducing a solution of .2_-nitrobenzoyl chloride (2.84 g) in chloro-
form (25 ml) containing 5% triethylamine (1.94 g), the mixture was 
covered with aluminum foil and allowed to react overnight. The glass 
beads were then separated from the solution by filtering the mixture 
through filter paper (Whatman No. 42). The treated glass beads.were 
transferred to a 400-ml beaker by using 100 ml of 0.30 M sodium dithion-
ite solution. The solution in the beaker was heated on a hot plate with 
a constant stirring for about 1.5 hours. Some gases (HCl and so2) were 
expelled. 
After cooling the mixture down to room temperature, it was filtered 
as described above. The glass beads were transferred to another 400-ml 
beaker by use of 48 ml of 2 N HCl and the beaker was kept in an ice bath 
H 
I 
Si- (CH2 ) 3 N -H (CPG-AMP) 
(Step 1) 





<D o2N-@- ~-C1 /N(C2H5 ) 3 
(D heat 
H 0 
I 11-@-N- C 0 NH2 
diazotization 
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- Si - (CH2 ) 3 - N 
I 
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a-Hydroxyquinoline ] 
OH 
- Si - (CH2) 3 -
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I II · N-c-@- $9J N = N (CPG-SHO ) X 
Figure 41. Scheme for the Synthesis of CPG-SHO From CPG-AMP . X 
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(ice + NaCl) at -o0 c to -10°c. 1.2 g of sodium nitrite was then added 
slowly with stirring for about 30 minutes. Foam was formed and the 
solution turned to a brownish yellow color. The obtained mixture was 
placed in a vacuum desiccator and gases were evacuated for another 30 
minutes using a water pump. 
The mixture was then decanted and washed with 100 ml of cold de-
ionized-distilled water, 100 ml of cold 1% sulfamic acid solution, and 
two more times with 100 ml cold deionized-distilled water. The 
diazotized glass was coupled to a-hydroxyquinoline by adding 50 ml of 
saturated a-hydroxyquinoline solution in 0.05 ~ Na2co3 and stirring for 
about 40 minutes. A deep dark red color appeared. After filtering, 
the CPG-aHO resin was washed with deionized-~istilled water until the 
X 
filtrate was colorless. The product was finally air dried. 
2. Characteristics of the Synthesized 
CPG-aHO Resin 
X 
The Corning CPG-aHO resin was also used in this part because some · 
X 
characteristics of it were known or could be determined for comparing it 
with the synthesized one. 2+ In part a, Cu solution was selected to de-
termine the capacity of the CPG-aHO 
X 
2+ . 
resin because the Cu was 100\ 
extracted (35) by CPG-aHo resin in the pH range of 4-5. The metal com-
x 
1 f d . ( ) . h 2+ - . f 1 2 p ex orme ~s Cu Ox 2 w~t a Cu :Ox rat~o o : • 
2+ 
The Cu concen-
trations can be easily determined using an atomic absorption spectro-
photometer. 
a. Determination of the Capacity of 
a-Hydroxyquinoline in Batch Experi-
ments in Terms of cu2+ Col!!Plexed 
(i) Materials. The Corning CPG-8HO resin and the synthesized 
·x 
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CPG-8HO resin (Figure 42) were used. A. R. reagents of cupric sulfate, 
X 
cuso4 ·sH2o, (Baker Analyzed Reagent), glacial acetic acid, and sodium 
hydroxide were used without further purification. 
(ii) Apparatus. An atomic absorption spectrophotometer (Perkin 
Elmer Model 290B), a copper hollow cathode lamp (Perkin Elmer Intensi-
tron TM Lamp, No. 2252), and acetylene and air (1:1) were used. 
(iii) Procedure (35). A portion (0.2000 g) of the synthesized 
CPG-8HO resin was weighed out in a 35-ml vial. A stock solution of 
X 
cu2+ (8.411 x 10-4 !) was prepared by dissolving 0.0525 g Cuso4 •5H2o in 
250 ml of 0.20! acetate buffer at a pH of about 5.0. After pipetting 
20.0 ml of the cu2+ solution into the vial, the mixture was shaken for 
30 minutes by use of the shaker. After equilibrium, the mixture w~s 
filtered and the filtrate was collected. The cu2+ in the filtrate was 
determined by atomic absorption spectrophotometry at a wavelength of 
324. 7 nrn. 
necessary. 
Dilutions were performed with deionized-distilled water as 
The corresponding concentrations of cu2+ in the filtrate 
were determined by interpolation into a calibration curVe prepared in 
the range of 0 to 20 ppm. 2+ The amount of cu. unextracted by the resin 
was then calculated and that extracted to the resin was determined by 
. difference. The same procedure was used for the Corning CPG-8110 resin • 
X 
(iv) Results. A calibration curve for cu2+ estimation at 324.7 nm 
Figure 42. Electron Scan Micro~raph for Synthesized CPG-8HOx Resin With Particle Diameter of 125-177 ~ and 
Pore Size of 544 X. The Magnification is lOOX (Left) and is 30000X (Right) 
---------------------
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in the range of 0-20 ppm is shown in Figure 43. Data for the determin-
ation of the capacity of a-hydroxyquinoline on CPG-aHO resin in terms 
X 
2+ of Cu extracted per gram of resin are tabulated in Table VIII. Since 
the complex of Cu(Ox) 2 is formed and this table shows that the amount 
2+ of Cu extracted per gram of resin is O.la4 mmole for Corning CPG-aHo 
X 
resin, the capacity of a-hydroxyquinoline should be O.la4 nnn;le x %-' or 
0.0920 mmole per g of Corning CPG-aHO resin. This capacity is about 
X 
three times that of the manufacture's value which is given by label on 
the bottle. Since the synthesized CPG-aHO resin has a capacity about 
X 
2.11 times as large as that of Corning's, the capacity is 0.0920 mmole g 
X 2.11, or 0.194 mmole a-hydroxyquinoline per gram of the synthesized 
resin according to batch experiments. The synthesized resin shows a 
larger capacity than that of Corning's, probably because of differences 
in particle size. 
b. Determination of the Acid Characteristics 
(pKa1) of the Synthesized CPG-aHox Resin by 
Potentiometric Titration 
(i) Materials. Both Corning and the synthesized CPG-aHO resins 
X 
were used. A. R. reagents of sodium dihydrogen phosphate, sodium 
hydroxide, hydrochloric acid, disodium hydrogen phosphate, Na2HPo4 , and 
potassium acid phthalate, CaH5o4K (Mallinckrodt Reagent) were used. 
a-Hydroxyquinoline (Eastman Organic Chemicals) was recrystallized once 
from ethanol :deionized-distilled water (1:1). Nitrogen gas (high-
purity dry grade supplied by Union Carbide Corporation) in a cylinder 
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DATA FOR THE DETERMINATION OF THE CAPACITY OF 8-HYDROXYQUINOLINE ON CPG-8HO RESIN IN 
X 
TERMS OF AMOUNT OF Cu2+ EXTRACTED PER GRAM OF RESIN 
Average a Amount Amountb Amount 
Amount 
Dilution of % of cu2+ of eu2+ 
of cu2+ 
of 




Containing 2+ by the Per Gram 
Resin of Cu After Before into the Synthesized 
cu2+ Resin of Resin Used With After Dilution Dilution Resin to 
Resin 
X 
(g) d.d. Dilution (ppm) (ppm) (X 103 mmole) (X 103 mmole) (mmole) Corning Water g 
Synthe-
sized 0.2000 1+3 48.2 9.58 28.7 9.05 7. 77 0.389 2.11 
Corning 0.2000 1+3 69.9 13.92 41.8 13;15 3~67 0.184 1.00 
a. The results were average of two individual determinations. 
b. The total amount of Cu 
2+ -3 . 






(ii) Apparatus. All pH measurements were made using a Beckman 
Zeromatic pH meter and a Sargent miniature combination electrode as 
described in Chapter IV.A.l.b. A recorder (Heath Model EU-20B) was con-
nected to the pH meter to check pH readings at equilibr~um. The results 
were plotted using a X-Y plotter (Hewlett-Packard 9862A) which was 
interfaced to a desk-top programmable calculator (Hewlett~Packard 
9825A). A 50-ml buret which could be read to± 0.01 ml was used for the 
titration. 
(iii) Procedure. 
in a 100-ml beaker. 
A sample of 3 g of CPG-8HO resin was weighed out 
X 
After washing three times with 0.001 ~phosphate 
buffer (pH -7.0), the resin was immersed in the buffer for two hours. 
The treated CPG-8HO resin was filtered and dried in the air. A 0.5 
X 
1.0 g portion of the dried CPG-8HO resin was accurately weighed out in 
X 
a 250-ml beaker and 100 ml of deionized-distilled water was added. The 
resin in the solution was titrated with a standardized hydrochloric 
acid solution (1.983 x 10-
3 M). The pH was measured from the pH meter 
.and the volume of acid used (at increments of 1.00 ml or 0.50 ml) was 
read from the buret. Nitrogen gas was bubbled through the solution to 
stir it. The synthesized CPG-8HO resin without treatment with the 
X 
phosphate buffer, and Corning CPG-8HO resin with and without treatment 
X 
with the buffer were also used for comparison purposes. The pure 
8-hydroxyquinoline chemical was also used in order to test the validity 
of the approach used. 
(iv) Formula Used. A typical titration curve for the synthesized 
CPG-8HO resin with HCl is represented in.Figure 44, where point A is 
X 
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and point B is the midpoint between A and o. If points around B are 
chosen, a simplified equation for the determination of pKa1 may be de-
~ived as follows: 
Let the first acid dissociation constant of 8-hydroxyquinolinium 
ion be Ka1 as described in Equations (69) and (70). 
Ka1 
:;::==='~ H + + HO x {69) 
(70) 
The mass- and charge-balance equations are expressed by Equations (71) 
and (72), respectively. 
= (71) 
Since [o-] is negligible compared with [H2o+] or [HO ] at pH below 4, · X X X 
[Na+] is small ~ompared with [H+], and [OH-], [H2Po~], and [HPo!-J are 
negligible compared with [cl-], Equations (71) and (72) can be simpli-
fied and rewritten as Equations (73) and (74), respectively. 
= [ 
+ ) 
(HO ) l!C:J + l.J 
X Kal 
{73) 




Dividing Equation (73) by Equation (74) gives 
= (75) 
Let 
s = (76) 
where S can be determined experimentally. Substituting Equation (76) 
into Equation (75) and rearranging yields 
s - 1 (77) 
Taking logarithms of both sides of Equation (77) and rearranging results 
in 
pH = pKa1 + log(S-1) (78) 
Since pH and log(S-1) can be calculated, a plot of pH versus log(S-1) 
will give a straight line with pKa1 as the intercept at log(S-1) = 0. 
(v) Results. Plots of pH versus log (S-1) for the synthesized 
CPG-8HO resin, Corning CPG-8HO resin, and pure a-hydroxyquinoline 
X X 
are shown in Figures 45-49. The values of pKa1 for 8-hydroxyquinolinium 
ion determined from the pH intercept at log(S-1) = 0 are summarized in 
Table IX. The pKa1 obtained from the pure a-hydroxyquinoline is 4.76, 
which is comparable with reported values (Table I) and is within a 
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Figure 46. Estimation of pKa1 for 8-H 0+ Using Synthesized CPG-BHO Resin 2 X X ...... ...... 
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Figure 49. Estimation of pKa1 Value for Pure a-Hydroxyquinoline 
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The average value of pKa for the synthesized CPG-SHO is compara-
1 X 
ble and slightly lower (0.1 - 0.15 units) than that of Corning's. The 
CPG-SHO resins with and without treatment with phosphate buffer have 
X 
very close values of pKa1 , as shown in Table IX. The pKa1 obtained from 
CPG-8HO resin is comparable with that of Porasil - SHO resin, which 
X X 
was reported as 3.3 by Jezorek and Freiser (36). However, the pKa1 ob-
tained from the pure a-hydroxyquinoline is about 1.4 units higher than 
that obtained from the CPG-8HO resin. This may be because the con-
x 
trolled-pore glass is composed of some material (such as silica) which 
has acidic properties. 
1. Experimental 
a. Reagents 
E. Distribution Studies for Aromatic and 
Aliphatic Sulfonates Using the 
Synthesized CPG-8HO Resin 
X 
The synthesized CPG-8HO resin was obtained as described in Chapter 
X 
IV.D.l. The plain CPG glass beads with a particle size of 37-74 microns, 
the same pore size (544 ~) (Figure 50), the same pore volume (1. 24 cc/g), 
and the same surface area (57 m2/g) as those of CPG-AMP, described in 
part D.l.a, were purchased from Electro-Nucleonics, Inc., (ENI). Aro-
matic and aliphatic sulfonates have been described previously. 
b. Apparatus and Procedure 
Same as described in Chapter IV.A.l.b. and IV.C.l.c., respectively. 
TABLE IX 
pKa1 of 8-HYDROXYQUINOLINIUM ION OBTAINED FROM CPG-8HOx RESIN AND PURE 


































3.49; 3.19; 3.13 


















a. The capacities are 0.092 mmole 8-HO per g of Corning CPG-8HO resin and 0.194 mmole 8-HO per g of the 
X X X 
synthesized CPG-8HO resin. 
X 
Figure 50. Electron Scan Micrograph for ·. CPG Plain Glass Beads With Particle Diameter of 37-74 ~ and Pore 
Size of 544 R. The magnification is lOOX (Left) and is 30000X (Right) 
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2. Results 
Calibration curves of absorbance versus concentration at 260 nm, 
259 nm, 271 nm, and 281 nm for benzenesulfonate, £-toluesulfonate, 
2-mesitylenesulfonate, and 1-naphthalenesulfonate, respectively, are 
similar to Figures 33, 25, 34, and 35, respectively. Calibration curves 
for methanesulfonate and ethanesulfonate, as shown in Figures 36 and 37, 
respectively, are directly used. The effect of pH on Kd for aromatic 
and aliphatic sulfonates using the synthesized CPG-8HO resin are shown 
X 
in Figures 51 and 52, respectively. The effect of pH on Kd for aromatic 
sulfonates using ENI plain glass beads is also shown in Figure 51 in 
solid symbols. 
3. Discussion 
a. The values of Kd obtained in Figure 51 for aromatic sulfonates 
with the synthesized CPG-8HO resin gave a trend of distribution like 
X 
that of Corning CPG-8HOx resin (Figure 38). That is, the Kd values 
increase in the order BS < PTS < 2-MS < 1-NS in the low-pH region 
(1-3). The reasons for this have been discussed previously in Chapter 
IV.C.4.a. and should apply here. The Kd at a given pH (in the low-pH 
region) is larger for the synthesized CPG-8HO resin than for Corning's 
X 
as a result of the larger capacity, which permits accommodation of more 
sulfonate per gram of ·resin. Hence, for 1-NS and 2-MS , the Kd values 
obtained using the synthesized CPG-8HO resin are about 1.5 times as 
. X 
large as those obtained from Corning's. However, the Kd for £-toluene-
sulfonate and benzenesulfonate are close and about the same as those 
obtained from Corning's. This may be because BS and PTS- are not 
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Figure 51. Effect of pH on Kd for Aromatic 
Sulfonates Using the Synthe-
sized CPG-8HOx Resin in Open 
Symbols and the ENI Plain CPG 













Figure 52. Kd Values for Aliphatic Sulfonates at 





2-MS and 1-NS . From the results obtained in Figure 51, the predicted 
elution order for these aromatic sulfonates in a chromatographic sepa-
ration at low pH is the same as for the Corning resin (Chapter IV.C.4.b). 
However, the retention for 2-MS and 1-NS on the resin will be longer 
because of the larger Kd values. 
b. When the ENI plain CPG glass beads are used, the Kd values ob-
tained for aromatic sulfonates in Figure 51 are almost constant (-2.5) 
and comparable with those obtained from Corning CPG plain glass beads, 
about 3.2 (Figure 39). This is because both plain glass beads have the 
same particle size and pore diameter, except that the Corning CPG plain 
2 
glass beads have a slightly larger surface area (70 m /g) than those of 
2 
ENI's (57 m /g). 
C~P~RV 
A LITERATURE REVIEW OF ANALYTICAL METHODS FOR 
SEPARATION AND DE~RMINA~ION OF ALIPHATIC 
AND AROMATIC SULFONATES 
Among the anions tested in liquid-liquid systems (Chapter III), 
£-toluenesulfonate ion gave the largest KD(H20:,A-) value. This re-
stricted the distribution studies to sulfonates. The results of molar 
distribution coefficients obtained using the GPG-8HO resin in batch 
X 
experiments (Chapter IV) show that a chromatographic separation of aro-
matic sulfonates or a group separation of aromatic from aliphatic sul-
fonates is possible. Hence, a literature review on the analytical 
methods for separation and determination of sulfonates was made in this 
chapter. 
A. Preface 
Sulfonates are extensively used in the petroleum industry (57) as 
flotation agents, emulsifiers, corrosion inhibitors, lubricants, etc. 
Sulfonates are also important because of their use in synthetic deter-
gents which can lead to water pollution and become relevant to sewage 
treatment (58). As such, a review of methods which have been used in 
the determination and separation of aliphatic and aromatic sulfonates is 
of interest. 
In this review, seven methods of separation and twelve methods of 
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determination for sulfonates, published during the past twenty years, 
are compared. Papers that are not included in this comparison are cited 
in the Appendix B. 
B. Determination Methods 
The methods reviewed involve titrimetry including two-phase titra-
tion, gravimetry, ultraviolet, visible, and infrared absorption spectro-
metry, gas chromatography, nuclear magnetic resonance, mass spectrometry, 
atomic absorption, radiometry, and the use of ion-selective membrane 
electrodes. 
1. Titrimetric Methods 
One phase titration methods are based on 1 titration of the corres-
ponding sulfonic acids with a standard base by using indicators, for 
example, phenolphthalein or neutral red. A determination of aromatic 
sulfonation mixtures containing sulfuric and sulfonic acids was analyzed 
by Houff, Christie, and Beaumont (59) in 1957. After precipitating sul-
fates by adding barium hydroxide, the mixture was filtered. The filtrate 
was converted to the corresponding sulfonic acids by passing through a 
cation exchanger in the (H+) form and then titrated with 0.1 ~ NaOH using 
phenolphthalein indicator. Six commercial compounds containing aromatic 
sulfonates were determined in three replicates with accuracy and precision 
of± 0.3% and± 1%, respectively. In this review, accuracy is reported 
as relative % error and precision is reported as relative % average devi-
ation from the mean. This method determines the total amount of sulfonate 
in a smaple provided that the barium sulfonates are soluble in the pres-
ence of barium hydroxide solution. 
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Using neutral red -and thymolphthalein indicators, Gribova (60) de-
termined 1-naphthalenesulfonic acid in sulfuric acid by titrating with 
tetraethylammonium hydroxid~ in a benzene-ethanol (2:1) mixture. The 
first equivalent point~ at which the color changes from red to yellow, 
indicates the complete neutralization of the sulfonic acid ·and conver-
sion of the sulfuric acid to hydrogen sulfate, HS04 ; the second equiva-
lent point, at which the color changes from yellow to blue-green, 
indicates that the hydrogen sulfate is completely neutralized. The re-
sults of the 1-naphthalenesulfonic acid analysis were comparable with 
those obtained from the potentiometric titration, with accuracy and 
precision of ± 0.074% and ± 0.46%, respectively. The titrimetric methods 
are simple and need only simple equipment, but they are. ususally slow. 
2. Two-Phase Titration Methods 
The determination of anionic surfactants by forming a complex with 
methylene blue, extracting into chloroform., and titrating with cationic 
surfactants until the color in the two phases is identical was introduced 
by Epton (61) in 1948. Using this technique, Fenwick (62) in 1971 de-
termined the content of sulfonate in an oil-soluble petroleum sulfonate 
by titrating with Hyamine 1622 [(£-(tert-octylphenoxy)ethoxy)ethyldi-
methylbenzylammonium chloride]. The complex of methylene blue with 
s.ulfonate in chloroform is replaced by that of Hyanri.ne-sulfonate and the · 
liberated methylene blue can be extracted out of the chloroform layer. 
The end point is obtained when the colors of both phases are identical. 
The results· of ten determinations were obtained with a mean of 67.6%, a 
standard deviation of 0.029%, and a coefficient of variation of 0.25%. 
Instead of methylene blue, a mixture of a cationic dye (dimidium 
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bromide: 2,7-diamino-10-methyl-9-phenylphenanthridinium bromide) and an 
anionic dye (disulphine blue, also known as Erioglaucine) was used by 
Brewer (63) in 1972 to determine the sulfonate content of oil-soluble 
sulfonates. After the dimidium-sulfonate complex was formed in chloro-
form layer, the two-phase mixture was titrated with Hyamine. The 
dimidium-sulfonate complex was replaced by Hyamine-sulfonate until an 
excess amount of Hyamine formed a chloroform soluble blue complex with 
disulphine blue. The color in the chloroform layer then changed from 
red through grey to blue. The grey color was taken as the end point. 
The amount of sulfonate was calculated from the amount of Hyamine used. 
The results for sodium and calcium petroleum sulfonates obtained by two-
phase titration were comparable ,with those obtained from ASTM (The 
Standard of American Society for Testing and Materials) D 855-56 and 
D 1216-56 methods, respectively. 
Determinations of linear alkylbenzenesulfonates (LAS) in fresh 
water and sea water by use of two-phase titration was reported in 1973 
by Wang et al. (64). Wang et al. analyzed branched-chain alkylbenzene-
sulfonates in commercial detergents (65). 
The sulfonate sample in water was treated with a known excess of 
cetyldimethylbenzylammonium chloride to form a nondissociated complex of 
the quaternary ammonium sulfonate. After adding chloroform to the solu-
tion, the excess of quarternary ion was dissolved in chloroform, where 
it formed a yellow color. The two-phase mixture was then titrated with 
standard sodium tetraphenylborate until the excess ammonium ion was re-
moved from the chloroform layer and the yellow color disappeared. The 
accuracy for LAS was ± 10% in sea water and ± 5.2% in fresh water; the 
precision was ± 0,4%. This titration is simple, fast, and free from 
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interference by inorganic salts in water samples, except for relatively 
high concentrations of potassium ion, which forms a precipitate with 
tetraphenylborate anion. Another limitation is that the technique de-
termines only the total content of anionic surfactant in water sample. 
The two-phase titration methods are reliable for determining the sul-
fonates in oil-soluble petroleum sulfonates. 
3. Gravimetric Methods 
An alkylarenesulfonate forms a precipitate with benzidine dihydro-
chloride as follows: 
0 
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The amount of the alkylarenesulfonate is proportional to that of the 
corresponding precipitate and can be determined from a calibration 
curve. Maurmeyer and Rafalowitz (66) used this technique in 1964 to 
analyze sodium salts of dodecylbenzenesulfonates and nonylbenzenesul-
fonates in commercial materials. The accuracy was within ± 3% for 15 
mg of c12-so3 and 22 mg of c11-so;, and the precision was within ± 0.8% 
for both. 
The composition of petroleum sulfonic acids in acid sludges, which 
were obtained by sulfonation of various petroleum hydrocarbon oils, was 
investigated by Chhibber, Anand, and Malik (67) in 1976. After neu-
tralizing the sulfuric acid and petroleum sulfonic acids by titration 
with 0.5 N NaOH using thymol blue and phenolphthalein indicators, re-
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spectively, the oil part was removed by extraction with petroleum ether 
and the aqueous part was evaporated to dryness for analysis for petrole-
um sulfonic acids. Six acid sludges (10-15 g) were analyzed in three 
replicates; the results were comparable to those obtained with the modi-
fied ASTM D-855 with an accuracy of ± 5.5%. In the same year, the de-
termination of content of petroleum sulfonates by titrating the sample 
in a mixture of water and 2-propanol with a base using phenolphthalein 
indicator was reported by Parmar and Sahukar (68). After removing the 
oil part by extraction with solvent naphtha, excess sodium carbonate was 
slowly added to the aqueous alcohol solution, which formed two layers. 
The clear alcohol layer was evaporated to dryness for determination of 
the petroleum sulfonates. The results were ~lso comparable with those 
obtained with the ASTM D-855 method with an accuracy of ± 2.6%. 
4. Ultraviolet Absorption Methods 
Since the UV spectrum of benzene having various alkyl substituents 
on the ring gives different maximum absorption peaks in the region of 
210-290 nm, the concentration of an arenesulfonate in a solution can be 
determined by measuring the absorbance at a suitable wavelength and 
using Beer's Law. For a mixture of arenesulfonates, absorbances are 
measured at several wavelengths and the concentration of each sulfonate 
is calculated by solving a set of linear equations. 
Using this technique, the composition of alkylarenesulfonates in 
several commercial detergents was determined in the region of 210-230 
nm by Kelly, Blank, Thompson, and Fine (69). The maximum absorbance at 
224 nm was used for studies of the alkylarenesulfonates. The accuracy 
and precision were within ± 1% for the three detergents tested. 
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Later, an improved automatic procedure for preparing liquid samples 
of detergents containing alkylarenesulfonate by using a Technicon Pre-
parative Sampler and instrumentally recording the peak height of absor-
bance at 224 nrn was reported by Brandli and Kelley (70} in 1970. The 
peak height measured at 224 nrn is proportional to the amount of alkyl-
arenesulfonate. In the twelve random samples of detergents studied, 
the accuracy and precision were within± 4.8% and± 3.5%, respectively. 
The speed of analysis is about 10 min/sample. This can be used as a 
routine check for the determination of alkylarenesulfonate in detergent 
manufacturing. 
A multicomponent analysis of mixtures of ortho-, meta-, and para-
toluenesulfonic acids in sulfuric acid solution was reported by 
I 
Cerfontain, Duin, and Vollbracht (71}. From the spectrum of each corn-
ponent, represented in Figure 53, the absorbances of both standard and 
unknown mixtures were measured manually at 39 equidistant points between 
243 and 281 nm with a Zeiss PMQ II spectrophotometer. The concentration 
of each sulfonate in the unknown was computer-calculated using a curve-









where Ai,calc = j~l e1j(b}Cj =absorbance calculated at wavelength i 
E .. = molar absorptivity of component j at wavelength i 
~J 
C. = the concentration of component j 
J 
b = the cell path length 
k = number of data points 
n = number of constituents in the unknown mixture 
(80} 






















200 270 280 
WAVELENGTH ( nm ) 
Figure 53. UV Absorption Spectra of Three Iso-
meric Toluenesulfonic Acids in 
82.4 Weight % Sulfuric Acid 
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Using the same technique (71) in the region of 240-300 nm, Cerfon-
tain et al. (72) analyzed several more isomeric mixtures of arenesul-
fonic acids. The applicability of this method depends on the differences 
in shape of the absorption sp_ectra of the components. The accuracy 
ranges from ± 0.8 to ± 20%. 
5. Colorimetric Methods 
Determination by colorimetric methods is based on the formation of 
a colored dye-sulfonate complex, of which the color intensity is proper-
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tional to the amount of sulfonate and can be measured by a colorimeter 
or a spectrophotometer in the visible region. 
a. Methylene Blue Method 
A determination of anionic detergent, mainly sodium alkylbenzene-
sulfonates, in sewage effluents by use of a basic methylene blue solu-
tion in chloroform was reported by Longwell and Maniece (73). The 
absorbance of methylene blue-sulfonate complex in chloroform was meas-
ured with a photoelectric absorptiometer at 650 nm. The results showed 
about 97% recovery of added detergent in effluent in the range of 10-20 
ppm. The colorimetric method with methylene blue involving formation 
of the dye-sulfonate complex and extracting it into chloroform is time-
consuming. Since thiocyanates (at 30 ppm) largely interfere with the 
extraction, they should be removed by oxidation with hydrogen peroxide 
before extracting with chloroform. 
Another determination of trace amounts (ppm) of alkylbenzenesul-
fonates in river waters by forming methylene blue sulfonate complex and 
adsorbing on polyurethane foam was reported by Tanaka, Hiiro, and 
Kawahara (74) in 1973. The color intensity of the foam is proportional 
to the concentration of alkylbenzenesulfonate and may be estimated by 
visual comparison with a series of standards. The accuracy of determina-
tion of alkylbenzenesulfonate found in the Ikeda City River (Japan) was 
± 12% at 11 ppm and ± 8% at 16 ppm; the limit of detection was 0.5 ppm. 
b. Azure A Method 
In 1976, Wang (75) and Ross (76) used Azure A to determine trace 
amounts (0-10 ppm) of linear and branched-chain alkylbenzenesulfonates 
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in water. The Azure A sulfonate complex was soluble in chloroform and 
the absorbance of that was measured in a spectrophotometer at 623 nm. 
The concentration of alkylbenzenesulfonate is determined by comparing 
· with a calibration curve of absorbance versus concentration. The color-
imetric method with Azure A has several advantages over that with mehhyl-
ene blue (73): (i) The color of the complex is more intense; (ii) the 
dye reagent is more stable under light exposure; (iii) the chloroform 
extraction time is less. 
c. Diazosulfanilic Acid Method 
A detemination of aromatic sulfonates by alkali fusion and subse-
quent formation of azo dyes by coupling with ~iazosulfanilic acid was 
studied by Whitlock, Siggia, and Smola (77) in 1972. Six sodium salts 
(3-10 mg) of benzenesulfonates and naphthalenesulfonates were analyzed 
and the azo dyes were measured at 461 nm by visible spectrophotometry 
with precision of ± 2.2%. This is a complementary method for gas 
chromatography (84) in the determination of sulfonates which have low 
volatility after converting to the corresponding phenols. The process, 
however, has the same limitations of gas chromatography (84) and is not 
suitable for the determination of sulfonates containing.free halogen 
groups. 
6. Infrared Spectrometric Methods 
In general, if the position and intensity of a stretching band, 
arising from vibrations of a sulfonate group, are not affected signifi-
cantly by changes in alkyl substituion on a benzene ring, a variety of 
homologs and isomers of alkylbenzenesulfonates can be determined by 
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infrared spectrometric methods by appropriate selection of wavelengths. 
As early as 1949, the IR spectrum of ammonium xylenesulfonates in KBr 
pellet was studied by Schreiber (78) and by Koch et al. (79); it is 
I 
shown in Figure 54. 
PIIEOU£NCY ICI.t"1l 
Figure 54. IR Spectrum for Ammonium Xylenesulfonates in KBr Pel-
let [Taken From Reference (81)] 
The band representing s-o asymmetric stretching vibration, centered at 
-1 
1175 em (80), was used for the analysis of toluene- and xylenesulfon-
ate solutions by Kullbom and Smith (81) in 1963. Thirteen samples of 
ammonium and sodium xylenesulfonates were analyzed and the results were 
comparable with those obtained with a gravimetric method with a relative 
error of ± 1% • 
7. Gas Chromatographic Methods 
Mixtures of alkanesulfonates, mixture of arenesulfonates, and mix-
tures of alkane- and arenesulfonates can be analyzed by gas chroma-
134 
tography provided that sulfonates are converted to volatile, thermally 
stable derivatives. Kirkland (82) thus analyzed several systems of 
sodium sulfonates by converting them to the corresponding sulfonyl 
chlorides. A column (2 ft. x 6 mm) packed with Chromosorb (40/50 mesh) 
coated with 20% silicone grease and a helium carrier gas were used. The 
following mixtures were studied: 
- 1-butanesulfonate and 3-methyl-1-butanesulfonate; 
- benzene.sulfonate, E_-toluenesulfonate, and 2, 5-dimethylbenzene-
sulfonate; 
- benzenesulfonate, E_-toluenesulfonate, and 2-naphthalenesulfonate; 
- E_-~-butylbenzenesulfonate and 1-dodecanesulfonate. 
The accuracy in systems 1, 2, and 4 was within ± 2.8%, ± 5.1%, and ± 2%, 
respectively, and ± 21% for syst~m 3. Although the time of analysis for 
each system by GC is less than 12 minutes, it takes several minutes to 
two hours to prepare a sulfonyl chloride sample. This method is not 
applicable to sulfonates containing substituents that react with thionyl 
chloride, such as -OH or -NH2 groups. 
Another analysis of long~chain a-alkenesulfonates (c14-c18> and 
hydroxyalkanesulfonates by hydrogenation with H2/Pd and conversion to 
sulfonyl chlorides was reported by Nagai, Hashimoto, Yamane, and Mori 
(83) in 1970. A glass column (2.5 m x 4 :mrri) packed with 3% Silicone 
SE-30 on Chromosorb W (60/80 mesh) was used. The qualitative and quanti-
tative analyses of unknown mixtures were determined by comparing the re-
tention times and peak areas with those of standards. Mixtures of c16~ 
and c18-a-alkenesulfonates/hydroxyalkanesulfonates were analyzed with 
accuracy of ± 2. 8% and ± 2. 2%·, and precl'.tsion of ± 7. 0% and ± 5·. 9%, re-
spectively. 
A determination of arenes.ulfonates involving alkali fusion was 
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reported by Siggia, Whitlock and Tao (84} in 1969. The resultant phenol, 
which corresponds to the amount of arenesulfonate, is measured by gas 
chromatography. The accuracy obtained for five pure arenesulfonates was 
within ± 3% and for a mixture of three arenesulfonates, within ± 4%. 
Later, pyrolysis-gas chromatography was used by Siggia and Whitlock 
(85} to determine so2 derived from nonvolatile arenesulfonic acids and 
their salts. The accuracy for ten arenesulfonates was within ± 2.8%. 
8. Nuclear Magnetic Resonance 
From the NMR spectra of a mixture of isomers, if the absorption 
regions are relatively separated and the areas are proportional to the 
number of nuclei involved, a qua~titative analysis of the mixture is 
. . I 
i 'I I 
possible. In 1974, Cerfontain, Koeberg-Telder, Kruk, and Ris (86} de-
termined the composition of a mixture of isomeric toluenedisulfonates 
by obtaining areas under different absorption regions from a NMR 
spectrum and solving a set of linear equations as in Equation (81) • 
. A = (.p1x1 + .p2x2 + .••• + ,p,x.) S J J J J 1 1 (81) 
where ,p, 
J 1 
= the number of magnetically equivalent nuclei of isomer i 
which absorbs in area j 
x. = the mole fraction of isomer component i 
1 
,A = the area of region j 
J 
i = l, 2, • • • I m= components of isomer 
j = 1, 2, • • • I n = the well separated regions in the spectrum 
S = a proportional constant 
A mixture of toluene-2,5-, -3,4-, and -3,5-disulfonic acids in sulfuric 
acid was analyzed with accuracy and precision within ± 6%. 
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9. Mass Spectrometry 
Since sulfonates and most sulfonic acids of commercial importance 
have low volatility, they may be converted to the corresponding volatile 
sulfonic esters by reaction with diazomethane or tetramethylammonium 
hydroxide and may be identified by mass spectrometry. In 1970, Heywood, 
Mathias, and Williams {87) analyzed five unknowns containing benzene-, 
naphthalene-, and anthraquinonesulfonates by comparing with the molecu-
lar ions and fragmentation patterns of nine reference compounds. This 
method is used only for qualitative analysis of unknown sulfonates. 
10. Atomic Absorption Methods 
Sulfonates extractable into :a suitable organic solvent and forming 
an ion-association compound with a proper metal complex cation can be 
determined by atomic absorption methods {88). In 1976, Crisp, Eckert, 
Gibson, Kirkbright, and West (89) determined linear alkylate sulfonates 
(LAS) in water samples at a level below 50 ppb by use of atomic absorp-
tion. The LAS was extracted into chloroform and converted to compound 
with bis(ethylenediamine)copper(II). The copper compound in chloroform 
was measured at 324.7 nm with an atomic absorption spectrophotometer 
(Perkin-Elmer 300 S). The accuracy of the recovery of LAS in sea water 
was 92%, the precision was within ± 5% in the range of 10 ppb to 200 
ppb, and the limit of detection was 2 ppb. - - 2-Most anionS (Cl , NO 3 ~ SO 4 
at 0.5 ~; SCN-, ClO~, NO;, CH3coo at concentrations of 1 g/1) and metal 
' ( 2+ .2+ I Al3+, 3+ 2- 2+ 2+ cat1ons Cu , N1 at 100 mg 1; Cr , Mn , Zn , Co at 10 
mg/1) do not seriously interfere with the determination of LAS, but sul-
fide {0.1 mg/1) and Fe 3+ {1 mg/1) do. These interferences can be 
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suppressed by treating with 30% H2o2 and.2% EDTA, respectively, before 
adding bis(ethylenediamine)Cu(II). This method is reliable for de-
termining trace amounts of sulfonates down to 10 ppb in fresh water or 
sea water. 
11. Radiometric Methods 
A determination of trace amounts of anionic surfactants by a 
radiometric method was reported by Taylor and Waters (90) in 1972. It 
is based on the fact that anionic surfactants form complexes with 
59 . [59 ]2+ 
Fe-labelled.ferro~n, Fe(II) (1,10-phen) 3 , and these complexes 
are soluble in chloroform. The amount of labelled ferroin extracted 
into chloroform is proportional to the concentration of anionic sur-
factants and can be measured by a proportional counter. Using this 
technique, Clementz (91) reported the determination of alkylarenesul-
fonates in crude oils. The detection limit of petroleum sulfonate was 
0.5 )Jg in crude oils. The results were comparable with those of the 
two-phase titration method (63). Although the radiometric method is 
slow, it has an advantage over the two-phase titration method in de-
termining petroleum sulfonates in crude oils because the radiometric 
method is not limited by the dark color of crude oils and brines. 
12. Use of Ion-Selective Membrane Electrodes 
A liquid membrane, containing a suitable cation which has a larger 
ion-association constant or higher sensitivity response with sulfonates 
than with other anions, can be used as a sulfonate ion selective elec-
trode membrane. In 1968, Coetzee and Freiser (92) reported a membrane 
composed of methyltricaprylyammonium ion in 1-decanol that had a linear 
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-l -3 response to £-toluenesulfonate from 10 to 10 ~ with a response time 
within l minute and a useful life of one month. The crystal violet 
cation and its analogs in nitrobenzene or in 1,2-dichloroethane as an 
I 
! 
effective ion-exchange site in the membrane electrode were studied by 
Ishibashi and Kohara in 1972 (93) and 1973 (94). The assembled cell is 
represented in Figure 55 (95), where the salt bridge is saturated KCl in 
agar. The membrane potential of the cell was measured by use of an 
electrometer across the two saturated calomel electrodes. The results 
exhibited a linear response (56 mv/log[sulfonate]) for benzenesulfonate 
1 . -5 1 5 
from 10- to 10 ~' for £-toluenesulfonate from 10- to 10- M and for 














Figure 55. Assembled Cell for Ion-Selective Membrane Electrode 
The interferences of nitrate and l-naphthalenesulfonate ions are 
large at a benzenesulfonate electrode while those of nitrate and benzene-
sulfonate ions for a l-naphthalenesulfonate electrode are small. The 
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selectivity coefficients K for benzenesulfonate and 1-naphthalene-
i,j 
sulfonate electrodes calculated from Equation (82) are tabulated in 
Table X. The membrane potentials are stable in the pH range between 




2.303 RT J 
Constant+ log A.+ K .. A. E 
nF 1 1,] J 
where E ='the membrane potential 
i the primary sulfonate ion 
j = the interfering ions in the sample solution 
A. ,A. = activities of ions i and j, respectively 
1 J 
Z.,z. charges of ions i and j, respectively 
1 J 
(82) 
The use of ion-selective membrane electrodes provides a rapid and con-
venient measurement of individual concentration of sulfonates in the 
-5 -1 
range of 10 -10 M. 
C. Summary of Observations on Methods 
of Determination 
1. Among the twelve methods of determination of sulfonates, the 
mass spectrometric method is used only for qualitative analysis; the 
other methods can be used for quantitative analysis. 
2. The type of sulfonates determined, the accuracy, precision, 
amounts used, detection limit, and speed of the process are summarized 
in Table XI. 
3. From Table XI, the most rapid methods are two-phase titration 
(62) (63) (64),. UV (70), colorimetry with Azure A (76), IR (81), and use 
of ion-selective membrane electrode (94). Among these, the ion-selective 
TABLE X 
SELECTIVITY COEFFICIENTS (K .. ) FOR BENZENESULFONATE AND 1-NAPHTHALENESULFONATE ELECTRODES 
l,J 
Benzene sulfonate Electrode a-NaEhthalenesulfonate Electrode 
Interferent, j C. (M) KBS,j J -
I_nterferent, j C. (M) 
J -
Cl 0.5 0.003 Cl 0.5 
- -N03 0.005 0.76 N0 3 0.005 
Phenol-4-sulfonate 0.005 0.016 Benzenesulfonate 0.005 
Benzene-m-disulfonate 0.005 0.005 1,5-Naphthalenedisulfonate 0.005 
Benzoate 0.005 0.04 1,3,6-Naphthalenetrisulfonate 0.1 
1-Naphthalenesulfonate 0.00025 16 4-Hydroxy-2-naphthalenesulfonate 0.005 
1,3,6-Naphthalenetrisulfonate 0.005 0.0008 2,3-DihydroXynaphthalene-6-
sulfonate 0.005 
~S,j 








SUMMARY OF OBSERVATIONS ON METHODS OF DETERMINATION 
Approximate 
Type of Amount of Detection Time 
s·ulfonates Accuracy Precision Sample Limit Required for· 
Ref. Method Determined (± %) (± %) Used (g) (g) Process (hr) 
(59) titrimetric aromatic 0.3 1.0 o.s-o.6 2 
(60) titrimetric aromatic 0.074 0.46 0.2 2 
(62) two-phase titrn. .aromatic 0.25 8xl0-2 0.5 
(methylene blue) 




(64) two-phase titrn. . -4 
(back ti trn. ) aromatic . 5.2-10 0.4 (1-·10) xlO 0.5 
(66) gravimetric aromatic 3 0.8 2xl0-2 1 
(6 7) gravimetric aromatic 5.5 10-15 1 
(68) gravimetric aromatic 2.6 10 3 
(69) uv aromatic 1 1 0. 9-1.1 1 
(70) uv aromatic 4.8 3.5 ( 1. 8- 2 . 3 ) xl 0 
-1 
0.3 
(71) uv aromatic 0.8-20 (1-lO)xlO -4 1 
...... 
~ 


















































































*The lowest detectable concentration of' alkylbenzenesul[onate is 0. 5 ppm in 20 ml of 
~ 1 **The minimum detectable amount for. phenol with absorbance = 0.05, molar absorptivity 
(~) , cell length = ~ em, and a cell volume = .3 ml. 
water. 
4 -1 






























































*The concentration of LAS which gave an absorbance equal to twice the standard deviation of a set of 
16 absorbance readings at or near blank level was 2 x 10-6 g/1 using 50 x 10-6 1. 
*~e theoretical detection limit in crude oils is approximately 0.5 ppm petroleum sulfonate using 
1 m1 of undiluted oil. 
***In a series of diluted solutions of benzenesulfonate at a constant ionic strength, the concentration 






























sulfonates in oil-soluble 
petroleum sulfonates 
trace amounts of LAS or 





petroleum sulfonic acids 
in acid sludges 






simple equipment barium sulfonates must be 
soluble in the presence of 
Ba(OH) 2 
the end point is need to prevent access of co2 
visible during the titration 
simple equipment ---~-'-----
better than (73) not applicable in presence 




phenyl chromophores absorbing 
























TABLE XII {Continued) 
Determination Effected 
individual arenesulfonates 




traces in river waters 
ABS or LAS in water 
sulfonates of low 
volatility after con-





the amount of 
methylene blue-
_sulfonate com-
plex bonded on 
the foam is 
determined 
visually 
better than (73) 
a complementary 
method for GC 
(84) 
Limitations 
applicability depends on dif-
ferences in shape of spectrum 
of each component 
SCN ions must be removed be-
fore extracting with chloro-
form 
only applicable to determine 
the content of anionic sul-
:Eactants 
not suitable to determine 






















TABLE XII {Continued) 
Determination Effected 
. to separate and determine 
aliphatic or aromatic sul-
fona tes or mixture of both 
a-alkensulfonates and 
hydroxyalkanesulfonates 
cc14-c18> in synthetic 
detergents 
to determine homologous 
arenesulfonates 
Advantages 














anionic detergents in 
fresh or sea water at ppb 
levels 





not applicable to sulfonates 
containing -OH or -NH2 
groups 
some side reactions may in-
terfere with the determina-
tion 
not applicable to sulfonates 
containing halogen. groups 
a well separated spectrum is 
needed 
need access to spectra of 
enough reference compounds 
2- 3+ 
S and Fe give large 
interferences 
only a linear calibration 







TABLE XII (Continued) 
Determination Effected Advantages Limitations 
individual arenesulfonates fast response some anions may interfere 
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membrane electrode not only has beEm used in individual determination 
of arenesulfonates but also has potential for the individual determina-
tion of alkanesulfonates. 
4. The applications, advantages, and limitations of the methods 
of determination are summarized and compared in Table XII. 
5. From the viewpoint of accuracy, the methods of titrimetry (59) 
(60) and two-phase titration with two dyes (63) give an accuracy within 
± 0.3%. In these two, the two-phase titration is faster than titrimetry. 
D. Separation Methods 
Separation methods for sulfonates are needed in industrial and 
analytical fields to purify petroleum sulfonates for use in lubricating 
oils and greases, to purify water by removing trace amounts of alkyl-
arenesulfonates or analytically to investigate fast separation methods 
for aliphatic and aromatic sulfonates which are useful in industry or 
pharmacy. 
Seven separation methods for analytical use are reviewed here: 
solvent extraction, continuous electrophoresis, gas chromatography, 
ion-exchange-chromatography, paper chromatography, thin-layer chroma-
tography, and liquid chromatography. 
1. Solvent Extraction 
Separation of petroleum sulfonic acids from oil in a mixture of 
0 
water-alcohol (1:1) at 40-45 C was reported by Myshkin, Lavrova, and 
Ivanova (96) in 1961. After the oil was separated and removed from a 
separatory funnel, the aqueous alcohol solution was treated with hydro-
chloric acid and then the sulfonic acids were extracted into an ether 
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layer, which was dried to a constant weight and used for determining 
the content of petroleum sulfonic acids. Only qualitative analysis was 
reported. 
A removal of anionic detergents (mainly alkylarenesulfonate) in 
water by extraction with kerosene containing a liquid amine anion ex-
changer was reported by Dunning, Kreevoy, and White (58) in 1965. The 
extracted ammonium-sulfonate complex in the organic phase was washed 
with a basic solution and the sulfonate, which migrated to the aqueous 
phase, was determined while the organic solvent with the liquid amine 
was reused. This method depends mostly on the selectivity of the liquid 
amine anion exchanger, which must be insoluble in water and form ion 
pairs with the sulfonates. The solvent extraction technique is usually 
time-consuming. 
2. Continuous Electrophoresis 
A separation of 4-biphenylsulfonate and 4,4'-biphenyldisulfonate by 
use of continuous electrophoresis was studied by Skelly (97) in 1965. 
The mono- and di-sulfonates were separated on a Beckman/Spinco Model CP 
continuous-flow paper electrophoresis cell and were collected in separ-
ate volumetric flasks. Since these two sulfonates have the same absorp-
tivity at 266 nm (shown in Figure 56), the concentration ratio of mono-/ 
di- and the total concentration of sulfonates can be obtained by uv 
spectrophotometry. The accuracy was within 1.4% for 24.85 mg of mono-
sulfonate and within 5% for 5 mg of disulfonate. The precision was 
± 0.7%. Although the accuracy and precision are reliable in the range 
of 5-25 mg, this procedure takes about 12 hours per analysis. ,It is 
really a slow process. 
Figure 56. 
3. Gas Chromatography 
uv, Spectra for Biph~nyl Mono- and 
Disulfonates 
A. 1.00 mg sodium biphenylsulfon-
ate per 100 ml solution. 
B. 1.00 mg disodium biphenyldisul-
fonate per 100 ml solution. 
C. 2% acetic acid as an electrolyte 
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a. Gas-Liquid Chromatography 
Besides those methods previously mentioned (82) (83) (84) (85), 
a trace amount of linear alkylbenzenesulfonate (LAS) in waste water at 
ppm levels was estimated by Swisher (98) in 1966. After the water in a 
sample was evpoarted, the residue was desulfonated and the resultant 
phenyl-~-alkanes were detected by gas chromatography. Only semiquanti-
tative results were reported. 
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In 1967, Parsons (99) qualitatively analyzed a mixture of naphtha-
lene mono-, di-, and tri-sulfonic acids by converting the sulfonic acids 
to the corresponding sulfonyl ·fluorides.. A chromatogram was obtained 
with good resolvable peaks in 3 minutes;. it is represented in Figure 
57. Since naphthalen~trisulfonyl fluoride is more volatile and thermal-
ly stable than the sulfonyl chloride, more reproducible peaks are ob-









Figure 57. Chromatogram of Naphthalene Mono-, 
Di~, and Tri-sulfonyl Fluorides 
A. 2'-naphthalenesulfonyl fluoride 
B. 2,6-naphthalenedisulfonyl fluoride 
C. 1,3,6-naphthalenetrisulfonyl fluoride 
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b. Gas-Solid Chromatography 
A separation of alkylbenzenesulfonic acids by converting to the 
corresponding sulfonyl fluorides and analyzing by gas adsorption 
chromatography was reported by Krylov (100) in 1976. A column of 3000 
~ 3 mm packed with silochrome-2 adsorbent, nitrogen carrier gas, and a 
hydrogen flame-ionization detector were used. The separation .is based 
on the varying stability of hydrogen bonding between the hydroxyl-group . . 
protons of silochrome and.the electron density of the aromatic sulfonyl 
fluorides. Ten aromatic sulfonic acids were separated.and the chroma-
togram is represented in Figure 58. 
7 8 10 
1 3 4 5 
6 
5 10 15 20 
Time, Min. 
Figure 58. Chromato9ram of 10 
Aromatic Sulfonyl 
Fluorides 
Chromatograms of aromatic sulfonyl fluorides obtained on Silochrome-2: 
1, 2, 3) £_-, .!.!!.-, and _£-toluenesulfonyl fluorides; 4) benzenesulfonyl 
fluoride; 5, 6, 7) £_-, .!.!!.-, and _£-cumenesulfonyl fluoride: 8) ~-xylene-
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4-sulfonyl fluoride; 9) ~-xyl.ene-2-sulfonyl fluoride; 10) E_-xylenesul-
fonyl fluoride. 
4. Ion-Exchange Chromatography 
A separation of binary mixtures of both aliphatic and aromatic 
monosulfonic/disulfonic acids by using an Amberlite XAD-2 resin was re-
ported by Scoggins and Miller (101) in 1968. The disulfonates were 
eluted first with water or NaCl solution and then the monosulfonates 
were eluted with methanol, 10-ml fractions being collected. The 
alk.:mesulfonates were determined titrimetrically and arenesulfonates 
by W spectronietr.y. The accuracy was within ± 5% but the process is 
relatively slow. 
In 1970, a cross-linked polyalkyleneamine anion exchange resin, 
Bio-Rex 5-Cl (270/325 mesh), was used by Stehl (102) to separate some 
homologs of arenesulfonates. A mobile phase consisting of water : 
acetonitrile : methanol (1 .l : 1) and a salt gradient of 0 to 1.0 M 
LiCl as eluent were used. Mono- and di-sulfonates were separated within 
30-45 minutes. There are two advantages of this method: 
a. Some arenesulfonates containing ~oH or -NH2 groups, which are 
not suitably handled by GC (~2), can be easily separated by this tech-
nique. 
b. The gradient elution improves the efficiency of separation by 
lowering the height equivalent to a theoretical plate (HETP). 
The separation of linear (LAS) and branched (ABS) alkylbenzene-
sulfonates by use of a weakly acidic cation-exchange resin, Amberlite 
CG-50 (100-200 mesh), was reported by Fudano and Konishi (103) in 1970. 
A column (500 x 26'mm) was slurry packed and washed with an eluent (0.5 
15.4 
~ ammonium sulfate-43' methanol) for 1 hr before the sample was intro-
duced. The bound sulfonates were eluted with the eluent in the order 
of LAS and then ABS, and these were measured with the aid of an UV de-
tector. The accuracy was ± 6.6% for LAS and ± 1.1% for ABS, and the 
precision was within± 0.7%. It took about 15 hours to obtain the 
separated peaks in the chromatogram. 
Using the same technique in 1971, Fudano et al. (104) separated 
3-hydroxypentadecanesulfonate and 2-pentadecenesulfonate by eluting with 
0.5 ~ NaCl-30' 2-propanol. The amount of sulfonates was determined by 
the colorimetric methylene blue method (73). The accuracy was within 
± 2.3% for 4 mg of each, but the time required for analysis was about 
24 hours. 
Another separation of four isomeric monosulfonic acids (derived 
from sulfonation of phenanthrene) by using a weak acid SG-1 cation-
exchange resin was reported by Kachurin and Vasilenko (105) in 1975. 
The procedure used a gradient elution of potassium chloride solution 
(0.5-0.02 ~) and a column of 500 x 10 mm. The mixture of 2-, 3-, 9-, 
and 1-phenanthrenesulfonate was separated and the composition was 
determined by UV multicomponent analysis in the region of 250-306 nm. 
The accuracy was within ± 7% for 0.3 g sample. Again, the process took 
more than 26 hours. 
5. Paper Chromatography 
In 1964, Coyne and Maw (106) studied the separation of several 
alkanesulfonic acids by conversion to the corresponding ammonium sulfon~ 
.. 'l'. 
ates and use of paper chromatography. Acetj,c-ac:~~"';'wash,e~ ~~ No. 1 
papers, and developing reagents of bromocreusof green or sil'Ver fluores-
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ceinate were used. Seven solvents systems investigated were as follows: 
a. !-butyl alcohol-formic acid-water (16:1:4) 






mesityl oxide-formic acid-water (25:25:12) 
phenol-formic acid-water (75:1:25) 
ethanol-aqueous ammonium acetate (5:2) 
ethyl acetate-acetic acid-water (3:1:1) 
ethanol-ammonium hydroxide-water (20:1:4) 
The R 
f 
values of seven aikanesulfonates (10 ].lg each) measured are tabu-
lated in Table XIII. Among these, solvent system b is the most suitable 
to separate methane- and ethanesulfonates. 
6. Thin-Layer Chromatography 
A separation of alkanesulfonates and alkylbenzenesulfonates using 
thin-layer chromatography was reported by Takeshita, Jinnai, and Yoshida 
(107) in 1976. A stationary phase of a polyamide on cellulose and 2-
propanol mixture and a developing solvent of 0.1-1.0 ~aqueous ammonia-
pyridine ( 15 : 1) were used. ·After developing, the layer was sprayed with 
pinacryptol yellow reagent and examined under UV light at 253.6 nm. 
values were used for identif.ying constituents of sulfonates and the 
intensity of the yellow spots was used for quantitative measurement. 
The Rf values were higher for sulfonates with a shorter carbon chain 
than those with a longer carbon chain. The detection limit was 2 ].lg 
for c4-cl8 alkanesulfonates and cl-cl4 benzenesulfonates. 
R 
f 
In the same year, Franc, Pikes, and Hajkova (108) separated a mix-
ture of 1-naphthalenesulfonic acid and 2-naphthalenesulfonic acid using 
Silufol UV-254 as a stationary phase and !-butyl alcohol:ethanol (1:1) 
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TABLE XIII 
Rf VALUES OF ALKANESULFONATES IN SEVEN SOLVENT 
SYSTEMS USING PAPER CHROMATOGRAPHY 
Alkane sulfonate Rf X 100 
Solvent Systems 
a b c d e f 
Methane sulfonate 34 35 69 41 68 17 61 
Bromomethanesulfonate 59 53 70 44 72 37 64 
Iodomethanesulfonate 57 56 71 48 70 39 63 
Ethane sulfonate 64 42 68 56 73 20 67 
2-Bromoethanesulfonate 70 65 77 54 77 34 72 
Methanedisulfonate 10 7 61 7 32 5 22 
Ethane-1,2-disulfonate 14 14 66 7 45 5 39 
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as a developing solvent. A stable brown-black color·was developed after 
spraying with hy<iroxylamine solution and then cupric acetate solution. 
The chromatogram was evaluated on a densitometer at 480 nm. Rf values 
of 0.6 and 0.0 were obtained for 1-naphthalenesulfonic acid and 
2-naphthalenesulfonic acid, ~espectively. A standard deviation of 3.5% 
and a detection limit of 10 ~g were reported. 
7. Liquid Chromatography 
a. Conventional Liquid-Liquid Chromatography 
Several binary mixtures of arenesulfonic acids were ·separated by 
Fritz and Gilletee .(109) in 1968 by use of liquid-liquid chromatography. 
A solution of 5% Alamine .. 336 hydrochloride in toluene coated on Chromo-
sorb W as a stationary. phase, a dilute aqueous acid (HC1/HC104) as a 
mobile phase, a glass column (110 x 13 mm), and a Bausch and Lomb 
Spectronic 600 spectrophotometer were used. The binary systems studied 
were: 
- 2-aminoberizenesulfonate and 2-amino-5-nitrobenzenesulfonate 
- 2-aminobenzenesulfonate and 6,7-dihydroxy-2-naphthalenesulfonate· 
- benzenesulfonate and E_-toluenesulfonate 
The first component in the mixture was eluted with Ci.5 M HCl and the 
second component with 1.0 !'!_ HCl plus 1.0 !'!_ HC104 • The accuracy was 
within ± 5% at 0. 050 mmole for- each species. It took about 1. 5 hr to 
separate each binary mixture. 
A separation of alkanemonosulfonates (c10-c20 ) from the alkane di-
or polysulfonates was reported by Ali and Laurence (110) in 1973; they 
used a moist cellulose in petroleum ether as the packing material.. The 
monosulfonic acid was eluted with 5% 1-butanol in petroleum either·and 
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di- and polysulfonic acids with water, 25 ml fractions being collected. 
The sulfonic acids were determined titrimetrically. The accuracy and 
precision were ± 1.8% and ± 0.8%, respectively, for 26 wt. % dodecane-
sulfonate, but the process is time-consuming. 
b. High-Pressure Liquid-Liquid Chromatography {HPLLC) 
A separation of eight arenesulfonates in 50 min and five arenesul-
fonates in 5 min using HPLLC {Siemens SP200) was reported by Kraak and 
Huber (111) in 1974. Flow rates of 0.30 ml/min and 0.64 ml/min were 
used; the chromatograms are shown in Figure 59 and Figure 60, respective-
ly. In these systems, an aliphatic amine {tri-~-octylamine) coated on 
diatomite (5-10 ~m) as a stationary phase, a dilute perchloric acid 
i 
{pH = 1.5) solution as a mobile 'phase, a glass columi'l {185 x 3.0 mm), 
and a stainless-steel pre-column {500 x 10 mm) were used. In 1977, 
Kraak et al. {112) used the same system to separate a mixture containing 
alkanesulfonic acids {C6 , c7, and c8) in 8 minutes. The chromatogram 
is represented in Figure 61. The separation of sulfonic acids depends 
+ -
on ion-pair formation {R3 NH, d3s-R) on the stationary phase and can be 
adjusted by .changing the pH, the anionic concentration of the mobile 
phase, and the temperature in order to obtain a good resolution. 
2 7 
1 
5 8 6 
0 15 30 45 
Time, Min .. 
Figure 59. Separation of 8 Arenesulfonates by HPLLC 
Sample: (1) . 3-aminotoluenesulfonic acid; (2) 2-amino-
benzenesulfonic acid; (3) benzenesulfonic acid; (4) 
4,5-dihydroxy-2,7-naphthalenedisulfonic acid; (5) 4-
nitrobezenesulfonic acid; (6) 2-naphthol-3,6-disulfonic 
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Time, Sec·. 
Figure 60. Separation of 5 Arenesul-
fonates by HPLLC 
Sample: (l) 3-aminotoluenesulfonic 
acid; (2) benzenesulfonic acid; 
(3) 4-nitrobenzenesulfonic acid; 
(4) 2-naphthol-3,6-disulfonic acid; 




Figure 61. Separation of 3 Alkanesulfonates by 
HPLLC 
c6, c7, and ca alkanesulfonic acids 
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Using reversed-phase high-pressure liquid-liquid chromatography in 
1975, Wah1und (113) reported separating a mixture of benzenesu1fonate 
and £-toluenesulfonate in 22 minutes. A stationary phase of 1-pentano1 
coated on silica supports, a mobile phase of aqueous tetrabuty1ammoniurn 
(TBA) salt with a flow rate of 0.72 ml/rnin, a stainless-steel column 
(300 x 2.7 rnrn), and a precolumn (150 x 4.5 mrn) were used. The chroma-
togram is shown in Figure 62. As before, the separation of su1fonates 
+ is based on the partition of ion-pairs (R4N o 3sR) between the sta-
tionary phase and the mobile phase. + The concentration of R4N in the 
mobile phase can be adjusted in order to obtain well resolved peaks and 





21 14 7 
Time (Min) 
Figure 62. Separation of Benzenesulfonate 
and £-Toluenesu1fonate by 
HPLLC 
o. 
Sample: (1) benzenesu1fonate; (2) £-Toluene-
sulfonate 
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In liquid-liquid chromatography, the stationary phase is usually 
slightly soluble in the mobile liquid. Therefore, a pre~column is pro-
vided for pre-saturation of the mobile liquid and the liquid stationary 
phase in order to avoid strippir:1g the stationary liquid in the column. 
c. High.:..Pressure Liquid_-Solid Chromatography (HPLSC) 
The possibility of using high-speed liquid-solid chromatography ·for 
the separation of arenesulfonates was investigated by Kirkland (114) 
in 1971. Zipax SAX (a strong ani'op exchanger made up of dense, spheri-
cal, porous-layer beads) was used to bind sulfonates and dilute aqueous 
perchloric acid was used as mobile phase with a volume flow rate of 0.54 
ml/min at a column pressure of 370 psig. Five arenesulfonates were 
separated in 30 min; the chromatogram is shown in Figure 63. Although 





30 15 0 
Time (Min) 
Figure 63. Separation of 5 Arenesulfonates by HPLSC 
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In 1976, Knox and Laird (115) u~ed SAS silic.,, ;t r~\"(.'>l"St"d-phi\$r. 
material made of short-chain hydrocarbon groups bonded to the surface 
of spherical silica gel, as a stationary phase and a water-propanol 
(5:2) mixture containing l% of cetyltrimethylarnrnoniurn bromide as a 
mobile ·phase to separate four isomeric naphthylaminesulfonic acids. 
The separation is based on the distribution·:of cetyltrimethylarnrnoniurn-
sulfonate ion pairs between the water-rich eluent and adsorbed-layer 
rich in propanol. The chromatogram is represented in Figure 64. 
Acetone 
m1nutes 
Figure 64. Separation of 4 Naphthyl-
amine Sulfonic Acids by 
HPLSC 
Column: 120 x 5 rnrn stainless steel 
From the characteristics obtained in batch experiments (116), 
Pietrzyk and Chu (117) separated six benzenesulfonic acid derivatives 
by using reversed-phase.HPLC in 1977. A stationary phase of nonpolar 
Arnberlite XAD-4, which is a polystyrenedivinylbenzerie copolymer, a 
mobile phase of 0.1 M NaCl in 40% MeOH, a pressure of 300-700 psi, and 
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Figure 65. Separation of 6 Benzene-
sulfonic Acid Deriva-
tives by HPLSC 
Column: 450 x 2.36 nm 
Sample: a. p-hydroxybenzenesulfonic · 
acid; .b. benzenesulfonic acid; c. p-
methoxybenzenesulforii~ acid; d. E_-;;-i-
trobenzenesulfonic acid; e. 2,4-dini-
trobenzenesulfonic acid; f. 2,4,6-
trinitrobenzenesulfonic acid 
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In liquid-solid chromatography, the packing materials (114) (116) 
(117) usually tend to swell and therefore require maintenance of a con-
stant level of water in the eluent (e.g. guard column) to ensure repro-
ducible separations. In order to overcome this procedural disadvantage, 
stationary phases .having short-chain hydrocarbon groups bonded on the 
surface of silica gel have been developed (115). Since glass with con-
trolled pore size may have larger available volume and capacity than on 
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the surface of the silica gel, the results of separation by HPLSC may 
be improved by using such glass. 
E. Summary of Observations on 
Methods of Separation 
A summary of methods, type of sulfonates separated, speed of the 
separation process, applications, advantages, amounts of sample used, 
and methods·of determination is presented in Table XIV. 
F. Conclusions 
Among the twelve determination methods for sulfonates, titrimetric, 
two-phase titration, and gravimetric methods need only simple equipment; 
I 
I 
the two-phase titration method is particularly reliable for the deter-
mination of sulfonate contents in oil-soluble petroleum sulfonates, and 
it is fast and provides good accuracy and precision. Ultraviolet ab-
sorption, colorimetric, infrared spectrometry, gas chromatographic, 
nuclear magnetic resonance, mass spectrometric, atomic absorption, and 
radiometric methods require more advanced instrumentation. Although the 
amount of sample used for each method is tabulated in Table XI, the 
suitable concentrations of samples are used (118) as follows: ultra-
violet absorption, visible absorption, and atomic absorption methods 
are usually used for quantitative analysis at ppm, ppm, and ppb levels, 
respectively; infrared spectrometric, nuclear magnetic resonance, and 
mass spectrometric methods are largely used for qualitative or structur-
al identification at the moderate concentration level (20-50~); gas 
chromatographic methods are widely used both for qualitative and 
quantitative analyses at the ppb level. The general time for analysis 
TABLE XIV 
SUMMARY OF OBSERVATION ON METHODS OF SEPARATION 
T"JFe of Speed of the 
Sulfonates Separation Amounts of Method of 
Ref. Method Separated Process Applications Advantages Sample Used Determination 
(58) solvent aromatic slow to determine trace amounts s:irople equip- 2-20 ppm 
extraction of alkylarenesulfonates ment 
in sewage 
(96) solvent aromatic slow to separate and determine drying and 
extraction the content of sulfonate weighing 
in oil-soluble petroleUIII 
sulfonic acids 
(97) continuous aromatic very slow to separate arenemono- (2.5-5.0) X uv 
electropho- (-- 12 and disulfonates w-2 g 
res is hrs.) 
(99) GC (sulfonyl aromatic relatively to separate arenesulfon- better than 0.5 g flame ioniza-
fluoride) slow ates (82) for tion detector 
naphthalene-
trisulfonate 
(100) GC (sulfonyl aromatic relatively to separate alkylbenzene- flame ioniza-
fluoride) slow sulfonic acids tion detector 
(lOll Ion-exchange both slow (l-8 to analyze alkane- and 0. 66-l. 0 g titrimetry 
(XAD-2 resin) hrs.) arene- mono- and- aliphatic, 
disulfonates (until c 14J 0.1 g uv 
aromatic 
(102) ion-exchange aromati~ relatively to separate arenemono- better than lxl0-5 g uv 
(polyalky- fast and disulfonates GC (80) for (each) 
lenamine) (30-45 min.) sulfonates 
containing 
-OH or -NH2 
groups 
(103) ion-exchange aromatic very slow to separate linear and 
-3 
9xl0 g uv 
(Amberlite (15 hrs.) branched alkylbenzene-
CG-50) sulfonates 
(104) ion-exchange aliphatic very slow to separate a-olefin- 4xl0- 3 g colorimetry 
(iunberlite (24 hrs.) sulfonates and hydroxy- (each) (15) (methyl- 1-' 
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TABLE XIV (Continued) 
Type of Speed of the 
Sulfonates separation Amounts of Method of 
Ref. Method Separated Process Applications Advantages Sample Used Determination 
(114) HPLSC aromatic fast (30 to separate arenesulfon- fast (5-lSO)xl0-4 uv 
min.) ates g 
(115) HPLSC aromatic very fast to separate naphthyl- fast 
-6 
(l-50)xl0 uv 
(10 min.) amine sulfonic acid g 
isomers 
(117) HPLSC aromatic relatively to separate benzenesul- inexpensive (5-SO)xlO 
-6 uv 
fast fonic acid derivatives Amber lite g 
XAD-4 resin 




with instrumental techniques is short but the time for preparing 
samples may be large. Mass spectrometry is usually combined with gas 
chromatography to quantitatively analyze mixtures. Although the radio-
metric methods are slow (30 min/each counting), they are not limited by 
the dark color of crude oils. The use of ion-selective membrane elec-
trades gives a fast response, generally within 1 minute. They have 
been used in the determination of individual aromatic sulfonates in the 
range of 10-5 ~- 10-l M. The application of ion-selective membrane 
electrodes to measure the concentration of alkanesulfonates, however, 
has not been reported as yet. 
Among the seven separation methods for sulfonates reviewed here, 
solvent extraction, paper chromatography, and thin-layer chromatography 
need only simple equipment, while' continuous elctrophoresis, gas chroma-
tography, ion-exchange chromatography, and liquid chromatography require 
a fair degree of instrumentation. The speed of analysis for gas 
chromatography, high-pressure L:i:'quid-liquifr'ch,romat.ography, and hfgh-. . ····, ' ' '• .. - . 
pressure liquid-solid chromatography is good, but it may take several 
hours to prepare samples for gas chromatography. Solvent extraction, 
paper chromatography, and thin-layer chromatography are slow by nature. 
Continuous electrophoresis and ion-exchange chromatography (with cation-
exchange resins) are very slow. From the papers reviewed, it can be 
concluded that high-pressure liquid-liquid chromatography and high-
pressure liquid-solid chromatography are powerful techniques for the 
analysis of sulfonates. Since a pre-column is generally needed in 
liquid-liquid chromatography and a guard column is usually used in 
liquid-solid chromatography, an organic compound chemically bonded to 
an inert matrix, such as controlled-pore glass, used as stationary 
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phase, should offer advantages over the reviewed liquid-liquid chroma-
tography and liquid-solid chromatography methods, although the capacity 
of the chemically bonded resin should be relatively large for successful 
application. 
CHAPTER VI 
CHROMATOGRAPHIC SEPARATION OF AROMATIC SULFoNATES 
From the values of distribution coefficients for aromatic sulfonates 
obtained in batch experiments (Figures 38 and 51), a study centered on 
the chromatographic separation o~ aromatic sulfonates by liquid..;.solid 
chromatography (LSC) was performed. The results a+e discussed in this 
chapter. The synthesi~ed CPG-8HO resin (either 12!),-177 microns or 
X 
37- 74 microns) was used a·s a·sta,tionary phase and acid solutions·(such 
as HCl 'or HClO 4 ) were used. as ·mobile phases. 
An elution profile fot aromatic sulfonates in an open column was 
'. 
obtained and is presented in Part A. Details of a chromatographic sepa-
ration for a mixture of aromatic sulfonates and some• factors which.affect 
the resolution are discussed in Part B:. An EPA (Environmental Protec-
tion Agency) sample containing linear alkyl.:ite sulfonates (LAS) was 
qualitatively analyzed; tested results are .reported in Part C, and a 
prediction of a chromatographic separation for the aliphatic sulfonates· 
(methanesulfonate and ethanesulfonate) is discussed in .Part D. 
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A. Elution Profile for Four Aromatic 
Sulfonates in an Open Column 
1. Experimental 
a. Materials 
The synthesi?ed CPG-BHOx resin (125 - 177 J.l) as described in 
Chapter IV.D.l. was used. A. R~ reagents of benzenesulfonic acid, 
l2_-toluenesulfonic acid, 2-mesitylenesulfonic acid, 1-naphthalenesulfonic 
acid, and hydrochloric acid have been described previously. 
b. Apparatus 
Baush and Lomb Spectronic 505 spectrophotometer and a matched pair 
of quartz cell (1.00 em) were used for absorbance measurements in eluent 
fraction. A 10-ml glass buret with an internal diameter of 0.60 em and 
a length of 49 em packed with the synthesized CPG-8HO resin was used . X 
as a column. 
c. Procedure 
The synthesized CPG-BHO resin (about 3.0 g) was slurry packed into 
X 
the glass column (49 x 0.60 em) using deionized-distilled water. Glass 
wool plugs were used in the lower part and the top of. the column to 
keep the resin in place. S.ince chlor.ide ion has a lower Kd value 
(Figure 30) than PTS , hydrochloric acid solutions were used as eluting 
agents. The ionic strengths of sample solutions of sulfonates were ad-
justed to 0.10 ~with addition of 1.0 M HCl. 
After finishing the packing, the column was conditioned by washing 
with 40 ml of 0.10 M HCl. A sample of 0.20 ml of 0.0100 M benzenesul-
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fonate solution was pipetted into the top of the column and allowed to 
sink in the column for 15 minutes. The sulfonate was then eluted with 
0.10 M HCl at a flow rate of 0.20 ml/min, fractions being collected 
every 2.00 mi. Absorbances were measured at 260 nm using 0.10 M HCl as 
blank. 
After benzenesulfonate ion was eluted, the column was washed with 
deionized~distilled water until absorbance equal to that of the blank 
was obtained. The column was re-conditioned with 0.10 M HCl and the 
next sulfonate species (E_-toluenesulfonate, 2-mesitylenesulfonate, and 
1-naphthalenesulfonate) was introduced and eluted as described above. 
Absorbances for PTS , 2-MS , and 1-NS were measured at 259 nm, 271 nm, 
and 281 nm, respectively. 
2. Data and Results 
An elution profile for aromatic sulfonates (absorbance versus 
volume of effluent) is shown in Figure 66. Some results obtained from 
the elution profile are tabulated in Table XV. 
3. Discussion 
a. The results obtained and shown in the elution curve (Figure 
66) indicate that the retention time (or the retention volume) increases 
in the order of BS < PTS < 2-MS < 1-NS as predicted from distribu-
tion coefficients (Figure 51) obtained in batch experiments. The reso-
lution between the two homologous species is also proportional to the 
differen?e in Kd between these two. For example, the resolution for 
BS and PTS is poor (0.31) because their Kd values are very close, 
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Figure 66. Elution Profile for Four Aromatic Sulfonates in an Open Column 
TABLE X:V 
RESULTS OBTAINED FROM DATA COLLECTED IN THE SEPARATION OF 
SOME AROMATIC SULFONATES IN OPEN COLUMN 
Sulfonate Species BS PTS 2-MS 
Elution Order, i 1 2 3 
Retention Volume, VR, (ml) 14.1 15.9 23.8 
Flow Rate (ml/min) 0.20 0.20 0.20 
Retention Time, TR, (min) 70.5 79.5 119. 
Width at Base 
wb (ml) 5.4 6.2 10.1 
w. (min) 27.0 31.0 50.5 
l. 
Apparent Number of Theoretical 
Plates [45 (a) ][27 (b)] 
v 2 
N = 16 (_E.) 109 105 88.8 
wb 
Height Equivalent to a Theo-
retical Plate 
HEPT = .!:_ ( =] mm 
N Plate 
4.50 4.67 5.52 
where L = 490 mm 
Resolution [45(a)][27(b)] 
(tR) - (tR). 













difference in Kd's. It is concluded that the distribution coefficients 
(Kd) obtained in batch experiments can be used to predict the elution 
order and at least qualitatively foresee the degree of separation in 
column experiments. 
b. Since the resolution for BS and PTS was too poor and the re~ 
tention time for 1-NS was too long, the following factors were con-
side red. 
(i) Mobile Phases. A component gradient elution may be performed 
using sulfuric acid (pH~l) to separate BS from PTS and then using 
-
perchloric acid (pH-1) to elute 2-MS and 1-NS • Since distribution 
constants for the 8-hydroxyquinolinium-anion pair (in Chapter III) in-
+ - + - + -crease in the order of (H2ox , HS04) < (H20x' 1c1 ) < (H2ox, Cl04), it 
is predicted that the molar distribution coefficient, Kd, for anions 
would follow the same trend (in Chapter IV.A and IV.B) by forming 
+ -
(CPG-8H2ox' A ) on the resin. When Cl is used as an eluting agent, the 
sulfonate ions are replaced by chloride ion from the resin as shown in 
Equation (83) in the order BS > PTS > 2-MS > 1-NS . 
+ -
(CPG-8H 0 , o 3s-R) . + Cl 2 x res~n 
(83) 
If hydrochloric acid is replaced by sulfuric acid as a mobile phase, 
bisulfate ion will displace the sulfonates from the resin more slowly 
than chloride ion does. Hence, the separation for BS from PTS should 
be improved. On the other hand, if perchloric acid is used, perchlorate 
ion will displace the sulfonates from the resin faster than chloride ion 
does; therefore, the elution time for 2-MS and 1-NS should become 
shorter but a reasonable resolution value should be retained. 
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(ii) Parameters That Affect Resolution. Since the resolution for 
BS and PTS was only 0.31, some parameters (such as column length, in-
ternal diameter of the column, flow rate, and particle diameter of the 
CPG-8HO resin) need to be varied in order to obtain better separations. 
X 
A formula relating resolution to the selectivity factor, the 
capacity factor, the column length, and the HETP has been reported by 




1,2 (Yl2- l) 
k' 
2 
(1 k I) 
resolution of components 1 and 2, 
. . (Kd) 2 
select1 v1 ty factor = ( ) · 
. Kd 1 
Kd molar distribution coefficient, 
k! capacity factor of ith component 
1 
(84) 
q ratio between the ion-exchanger mass and the mobile phase 
volume, 
L = column length, 
H = HETP 
A relationship between retention time, column length, the average 
velocity of flow, or volume flow rate, internal diameter, and capacity 





(1 + k ~) 
1 
{ 
4 X V X t 1~ 
. 3.14 XL X (lR! kj_l J 
(85) 
(86) 
where t = retention time for component i, 
R. 
]. 
<v> average velocity of flow, 
v volume flow rate, 
I. D. internal diameter of the column 
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Since Kd values are obtained from batch experiments, kj_ can be calcu-
lated from an estimated q: H is obtained from the elution profile; and 
L can be estimated from Equation (84) for a given R1 , 2 . The internal 
diameter (I.D.) can be estimated from Equation (86) for a given v and 
t , where t is estimated from Equation (85). Hence, the relationship 
R. R. 
]. ]. 
among resolution, column length, and internal diameter can be calculated 
and is tabulated in Table XVI. From these data, it is evident that a 
column length of 100 em with an internal diameter of 0.20 em should pro-
vide reasonable separation. Results with a column of this characteris-
tics are reported in Part B of this chapter. 
In LSC, the HETP decreases with decrease in particle diameter as is 
mentioned in Chapter II.B.2.b. (iii) and as is shown in Equation ·(87) 
[27 (b), 45 (a)], ·and therefore the resolution is improved (Equation (84)). 
Hence, a smaller particle size (37-74 lJ) was also used; results .with this 




~---------- + C <v> 
(l) + 1 s 
A C <v> 
M 
A = eddy diffusion coefficient = A d , . p 
C <v> = diffusion effect due to convection from lateral mass 
M 
transfer 
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q = 0.4, (estimated), 




38 (min) estimated by 
assuming L =: 100 em and I. D. = 0. 20 em in Eq. 
(85). 
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c <v> = mass transfer across the stagnant mobile phase for a 
s 
= 
porous column packing 
(1-~ + k') 2 d 2 <v> 
30 (1-~) (l+k') 2 r DM 




DM = diffusion coefficient of solute in the mobile phase, 
<v> = average flow velocity, 
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~ = fraction of total mobile phase in the interparticle space, 
r = tortuous factor inside the particle. 
B. Chromatographic Separation of 
Aromatic Sulfonates 
On the basis of the rationale presented as discussion in Chapter 
VI.A.3.b., 0.10 ~H2so4 , 0.10 ~ HCl, and 0.10 ~ HCl04 were used as mobile 
phases to compare elution peaks for a sample of 0.10 ~ benzenesulfonate 
ion. A glass tube (99 x 0.20 em) packed with the synthesized CPG-8HO 
X 
resin (125-177 ~) was used as a column. The flow rate was adjusted to 
0.60 ml/min and a sample size of 8 ~1 was used. Since ta~ling was pro-
nounced when solutions of H2so4 and HCl were used as eluepts, while it 
was much decreased when HClo4 was used, HClo4 was chosen as preferred 
eluting agent. Several sample sizes were also tested and the smallest 
one available with the devices at our disposal was found to be 8 ~1. 




Two different particle sizes (125-177 ~ and 37-74 ~) of synthesized 
CPG-8HO resin (as described in Chapter IV.D) were used as packing 
X 
material (stationary phase). 
b. Apparatus 
An apparatus was set up as shown in Figure 67. A capillary glass 
tube (99 x 0.20 em) slurry-packed with the synthesized CPG-8HO resin 
X 
(either 125-177 ~ or 37-74 ~ of particle diameters) was used as a column. 
A sintered glass disc (coarse frit) was glued on the bottom of the 
I 
column with epoxy resin to keep the stationarJ phase in place. Two 
three-way (Teflon) Hamilton valves were connected to the top and the 
bottom of the column in order to get rid of air bubbles, if any. A mini-
pump (Gilson Model Miniplus 2) of variable speed was used to deliver 
the mobile phases through the column. A rotary injection valve, as 
shown in Figure 68, was used to introduce a sample to the column. This 
valve is similar to the one described by Ruzicka and Hansen for flow in-
jection analysis (120). The sample sizes can be varied by changing the 
length of the sample loop made from microbore Tygon tubing (Cole Parmer 
Instrumental Company) with I.D. = 0.51 mm ahd O.D. = 1.7 mm. A Bausch 
and Lomb Spectronic 505 spectrophotometer was used as detector for 
absorbance measurements. A chart speed of -3.3 em/min (the slowest 
available in the Spectronic 505) was used for recording of chromatograms. 
A far-transparent UV quartz flow cell (-185 ~1 total volume) with 10 mm 
path length (Mark~on Science Inc.), Model Type E-178-Q-10, was used as 
Figure 67. Instrumental Set-Up Used for Liquid-Solid Chromatog-
raphic Separations 
*The column is connected to the sample rotary-
injection valve (Figure 68) 
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Figure 68. Details of Rotary-Injection Valve 
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sample cell. Another fixed quartz cell (3.5 ml) with 1.0 em path 
length was used as reference cell. 
Since the (slowest available) chart speed of the recorder was still 
too fast to contain the whole spectrum in one run and the elution peaks 
show tailings suggesting a Poisson distribution (121, 122) curves, the 
chromatograms were retraced and plotted using a plotter (Hewlett-Packard 
9862 A) interfaced to a desk-top computer (Hewlett-Packard 9825 A) .. 
c. Procedure 
(i) Column Packed With Synthesized CPG-8HO Resin of Particle Size 
X 
(125-177 ~). The aim of the work reported here was to find the maximum 
resolution for BS and PTS at various flow rates (0.15-0.61 ml/min). 
After packing, the column was pre-washed with 0.10 M HCl for about 30 
minutes to ensure the Cl + -was on the resin as (CPG-8H 0, Cl ). 
2 X 
Since 
Cl has a relatively small Kd value, it can be easily replaced by the 
anions in the sample. The sample loop was filled with a sample of a 
mixture of 0.050 M BS and 0.050 M PTS (pH = 1.0 by addition of 1.0 M 
HC104). After sliding the rotary valve to the left side, the 8-~1 
sample in the sample loop was injected into the top of the column along 
with the eluting agent (0.10 ~ HClo4). The effluent from the column was 
connected to the flow cell. The absorbance was measured against 0.10 ~ 
HClo4 as a reference solution at a wavelength of 260 nm and recorded on 
the chart paper. The flow was adjusted with aid of the knob which con-
trols the pump speed and it was measured with a 10-ml graduated cylinder 
(± 0.01 ml) at the outlet of the flow cell. 
(ii) Column (99 x 0.20 em) Packed With Synthesized CPG-8HO Resin 
X 
185 
(Particle size of 37-74 ~). The first goal in designing this experiments 
was the same as c(i) above; that is, to find the optimum resolution for 
BS and PTS at various flow rates (0.166 - 0.27 ml/min) using a mixture 
of 0.0250 M BS and 0.0250 M PTS (pH = 1.0 by addition of 1.0 ~ HCl04 ) 
as a sample. 
After obtaining the "maximum possible" resolution (R1 , 2 = 0.99) at 
a flow rat.e of 0.22 ml/min, a mixture of 0.0250 ~ BS , 0.0250 ~ PTS , 
0.0250 ~ 2-MS , and 0.0125 M 1-NS at pH-1.0 was tested at this "optimum" 
flow rate. As before, the column was conditioned with 0.10 M HCl for 30 
minutes and then the sample (the mixture of four aromatic sulfonates) 
was introduced and eluted with 0.10 ~ HCl04 . However, the retention 
times for 2-MS and 1-NS were relatively long (about 65 min. and 110 
min., respectively). In order to elute 2-MS and 1-NS faster, both an 
-increased concentration of HC104 (from 0.10 ~to 0.44 M by adding 30 ml 
of 0.50 ~ HCl04 to about 5 ml of 0.10 ~ HC104 remaining in a beaker with 
. the original eluting agent in it) and an increased flow rate (from 0.22 
ml/min to 0.35 ml/min) were used simultaneously after PTS was complete-
ly separated from BS in about 28 minutes. The absorbance values were 
recorded as before. The sample loop used was again 8 ~1 in volume. 
2. Results 
a. Effect of Flow Rate on Resolution (R1 , 2> 
for BS and PTS 
Data obtained for resolution at various flow rates, corresponding 
retention times (tR), number of theoretical plates (N), and HETP are 
tabulated in Table XVII(a) and XVII(b) for packing material of particle 
TABLE XVII 
DATA OBTAINED FOR SEPARATING A MIXTURE OF BS AND PTS 
Flow Rate t t t t 
Hl H2 
R R2 wl w2 1 ( nmt ) mm 
Table (Ml/Min) Rl,2 (Min) (Min) (Min) (Min) Nl N2 Plate (Plate) 
0.61 0.48 7.34 9. 77 2.91 7.20 102 29.5 9.70 33.6 
(a) o. 30 0. 7l 16.7 21.9 5.00 9. 7l 178 81.4 5.56 12.2 
0.15 0.74 32.4 42.3 9.57 17.1 183 98.0 5.41 10.1 
0.166 0.84 .25.8 32.0 5.41 9.36 364 187 2. 72 5.29 
(b) 0.19 0.93 2L4 27.0 4.82 7.23 315 223 3.14 4.44 
0.205 0.93 20.0 25.2 4.37 6.83 335 218 2.96 4.54 
.0. 22 0.99 18.5 23.5 4.14 5.96 319 249 3.10 3.98 
I 0.23 0.91 18.2 23.0 4.24 6. 36 294 209 3.37 4.73 0.27 0.86 15 .'·3 19.3 3.75 5.56 266 193 3. 72 5.13 
(a) A sample of o~o5o M BS and 0.050 M PTS at pH = 1.0 using 125-177 l.l particle size of the synthesized 
CPG-8HO resin. 
X 




where 16 (~) andH L N = =-t N 
w 
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material of particle sizes 125-177 ~ and 37-74 ~' respectively. A plot 
of resolution (R1 , 2 > versus volume flow rate for the packing with smaller 
particle sizes (37-74 ~) is shown in Figure 69. A plot of theoretical 
number of plates (N) for BS and PTS versus flow rate is shown in 
Figure 70 and a plot of HETP versus flow rate is presented in Figure 71. 
b. Effect of Particle Size on Resolution (R1 , 2 > 
for BS and PTS 
The resolution is compared using two different particle sizes at 
approximately the same flow rate and is shown in Figure 72. 
c. Separation of Four Aromatic Sulfonates 
A chromatogram for the separation of four aromatic sulfonates (BS , 
PTS , 2-MS , and 1-NS ) using the computer retracing is presented in 
Figure 73. Both increasing concentration gradient and flow programming 
were used after 28 minutes. Since the concentration of HCl04 (eluting 
agent) changes, the baseline is slightly shifted to a higher absorbance 
reading. The baseline shown in Figure 73 was thus corrected and an 
absorbance of 0.02 was presented. In order to simulate the original 
chromatogram obtained in the recorder, a correction factor of 1.8 and 
0.9 was used for BS and PTS species, respectively. Details of compu-
terized retracing program used are listed in Appendix C, which is simi-
lar to that reported by Janssens (123) but uses different computer 
languages. 
3. Discussion 
a. The results obtained in Figure 69 show that there is an optimum 
1.0 
0.96 
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Figure 73. Chromatogram for the Separation of Four Aromatic Su1fonates 
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flow rate (0.22 ml/min) which gives the best possible resolution (0.99) 
for BS and PTS . When the flow rate is larger than the optimum, the 
mass transfer of solute across the stagnant mobile phase becomes more 
non-equilibrium; the term C <v> in Equation 87 increases and H also in-
s 
creases (Figure 71). Hence, the resolution (R1 , 2 ) in Equation (84) 
decreases. Since N = L/H, the number of theoretical plates (N) also has 
to decrease as shown in Figure 70. When the flow rate is smaller than 
the optimum, the <v> term in Equation (87) becomes smaller, and band 
broadenings due to C <v> and C <v> are smaller. Hence H1 becomes smaller M · s 
for BS (Figure 71) and N1 becomes larger for BS (Figure 70). However, 
N2 for PTS becomes smaller. Tnis indicates that the column efficiency 
for PTS is also low at the relatively slow flow rate. The separation 
I l 
using CPG-8HO resin may depend on a combination of ion-pair partition 
X 
(Equation 52) and surface adsorption (Equation 56} on the glass beads. 
Since BS has a smaller Kd value than that of PTS , the surface adsorp-
tion effect may be smaller for BS and the ion-pair partition may be more 
favored than surface adsorption. While the surface adsorption effect for 
PTS may be very large, especially at slow flow rate, and more favored 
than ion-pair partition. Because of too slow desorption for PTS- from 
the resin, a pronounced band broadening on the base (t ) would occur. 
w2 
Although the retention time (tR) increases at a lower flow rate, the in-





smaller (Figure 70) and H2 becomes larger (Figure 71) for PTS at a 
smaller flow rate. The resolution (R1 , 2> can also be calculated from 
Equation (89). 
= (89) 
Although (tR - tR ) becomes larger at a s~ller flow rate, the sum of 
2 1 
(tw2 + tw1
> is even larger; hence, the resolution (R1 , 2> becomes smaller 
(Figure 69) • 
b. The results obtained in Figure 72 show that the resolution for 
BS and PTS is improved, as expected, when the smaller particle size 
packing is used. It was reported by Snyder (49) that H was proportional 
to d (1. 4-1. 8) when d values of 20-70 J.l were used in liquid chromatog-
p p 
raphy. If the resolution (R1 , 2 > is proportional to (H)-~ in Equation 
(84) , then the resolution is estimated to be proportional to 
(d 0 •7- 0 "9)-1 • However, the results calculated from Figure 72 show that 
p 
the resolution (R1 , 2> is proportional to (dp
0 •13- 0 • 30)-l when the 
average particle size is used. This may be because the exponent of d 
p 
depends on the capacity ratio, k', of the sample (45(a)) and because more 
than a mechanism for partition is in operation in our case. 
c. The chromatogram of Figure 73 shows that the molar distribution 
coefficients obtained in batch experiments (Figure 51) and the elution 
profile (Figure 66) obtained with the open column are very helpful in 
predicting some parameters needed in liquid chromatography. Although the 
resolution obtained for BS and PTS is 0.99, two distinct peaks are ob-
served. If a resolution of 1.0 (2% overlap of each band) or 1.5 (base-
195 
line separation) is needed, the column length may be increased to 101 
em or 227 em, respectively, on the assumption that the resolution is 
proportional to (L)~ as shown .in Equation (84). 
d. After the first two components were eluted (Figure 73), an in-
creasing concentration of HC104 and an increasing flow rate were used to 
rapidly elute the other two species. The base line was shifted to a 
higher absorbance reading (about 0.05 absorbance unit). This may be 
because the refractive index of the solution in the sample cell changes 
owing to the concentration programming from 0.10 M to 0.44 M of HClo4 • 
C. Qualitative Analysis of a Linear Alkylate 
Sulfonate (LAS) EPA Standard Sample 
1. Experimental 
a. Material 
The stock LAS solution, which contains 5.55% active LAS of an aver-
age molecular weight of 318, was prepared by EPA (Environmental Monitor-
ing and Support Laboratory-Cincinnati in cooperation with the Soap and 
Detergent Association). Hydrochloric acid and perchloric acid have been 
described previously. Deionized-distilled water was used to dilute 
samples as necessary. 
b. Apparatus 
The apparatus set-up (Figure 67) with the column (99 x 0.20 em) 
packed with the synthesized CPG-8HO resin (37-74 v> was used. A sample 
X 
loop of 20 Vl was used instead of 8 vl in order to have enough sample 
(or large enough concentration) in the effluent to be detected by the uv 
196 
detector. The Bausch and Lomb Spectronic 505 spectrophotometer was 
also used for absorbance measurements. A pair of matched quartz cells 
(1.00 em path length) and the flow cell, as described in Chapter VI.B.l. 
b were used. 
c. Procedure 
The sample was preliminarily tested in the UV region (200-400 nm) 
using the spectrophotometer. Since the absorbance of the stock LAS 
solution obtained was larger than 1.0 in the region of 200-332 nm, 
solutions of successive dilution (1:1 with deionized-distilled water) 
were prepared and measured. 
After obtaining the relative maximum absqrbances at wavelengths of 
222 nm, 253 nm, and 258 nm, the stock LAS sample solution (20 ~1) was 
injected into the column and analyzed similarly to that described for 
the separation of aromatic sulfonate mixtures. The wavelengths of 222 
nm and 253 nm were used for detection. 
2. Results 
Spectra scanning from 200 nm to 350 nm for diluted LAS solutions 
were obtained and are shown in Figure 74. The results of chromatographic 
separation with detection at 222 nm and 253 nm, respectively, are plotted 
and shown in Figures 75 and 76, respectively. 
3. Discussion 
a. The spectra obtained in Figure 62 show that the LAS sample con-
tains some components that absorb at 222 nm, 253 nm, and 258 nm. These 
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(i) Unsubstituted 1,3-butadiene 








(ii) For each alkyl group attached to a carbon of the conjugated 
system, the A increases by 5 nm. 
max 
(iii) For each double bond which extends the conjugated system, 
A increases by 30 nm. However, if the diene system is within a ring, 
max 
A increases by 36 nm. 
max 
The absorbance at 222 nm may be due to the combination of (i) and 
(ii) above; that at 253 nm may be due to the combination of (i) and (iii); 
and that at 258 nm may be due to the combination of (i), (ii), and (iii) 
above. Hence, it may be concluded that the LAS sample contains primarily 
components such as the following: 
Since the average molecular weight is given as 318, n may be estimated 
to be about 9 or 10. 
b. The retention time obtained from the chromatogram of Figure 75 
shows that it is comparable with that of benzenesulfonate (17.3 min.) 
when the wavelength of 222 nm was used. While the retention time of the 
first peak in Figure 76 is comparable with that of £-toluenesulfonate 
(23 min.). The second peak in Figure 76 may be due to a minor component 
or impurity. From the above discussion, it can be inferred that the LAS 
201 
sample is composed in its major part of a £-toluenesulfonate (or mix-
ture). 
D. A Prediction of Chromatograms 
for Some Aliphatic Sulfonates 
Since the a~ipha'tic sulfc;mates can not be determined by UV spectre-
scopy and no means for their continuous monitoring was at our disposal, 
it was considered of interest to predict a chromatogram based on the 
experimental results obtained for aromatic sulfonates .(such as, Figures 
51 and 73) and the molar distribution coefficients for aliphatic sul-
fonates (Figure 52) at pH around 2.8. Since only methanesulfonates and 
ethanesulfonates were used, the separation of these two species was con-
sidered. 
If a mixture of methanesulfonate and ethanesulfonate is injected 
into the column with at a volume flow rate of 0.35 ml/min, the retention 
times and resolution can be e·stimated as follows: 
tR 
L 
(1 + k:) <v> l. (85) 
l. 
k' ~ 
(r56 - 1) (1 
6 (~) 
R5,6 + k I) 
6 H6 
(90) 
where 5 represents methanesulfonate and 6 represents ethanesulfonate. 
Since the capacity factor, kj_, equals the product of q· (Kd)i, q can be 
estimated from tR and Kd of 1-naphthalenesulfonate species, which is near 
to the. aliphatic· sulfonates. Let 4 represent 1-naphthalenesulfonate, 







99 = 8. 81 (min.) 0.35 
If the volume flow rate is 0.35 ml/min, then 








4.07 = q•K 
d4 
(93) 
Since Kd = 7.12 at pH about 2.8 (Figure 51), q can be obtained from 
4 







= 27.8 and Kd = 30.2 (Figure 52), ks and kf, can be calculated 
6 
as follows: 
k' = q . Kd = 0.57 2 X 27.8 = 15.9 5 
5 
(95) 
k' = q . Kd = 0.572 X 30.2 = 17.3 6 
6 
(96) 
Then, the retention times (tR and tR ) can be obtained by inserting 
5 6 
Equations (91), (95), and (96), respectively, into Equation (85). 
= 8. 81 ( 1 + 15 . 9) = 149 (min.) (97) 
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30.2 6 1.09 (99) Y56 = = = (Kd) 27.8 
5 
and 
L = 99 em, 
the resolution (R5 , 6 ) can be estimated from Equation (84) by assuming 
that H6 = 0.60 P~:te , which is extrapolated from H2 in Figure 71, as 
follows: 
= 
17.3 99 i ~ 
(l.09-l) (1+17.3) (0.60) = 1.09 (100) 
em 
or, if H6 = 0.40 Plate , which is extrapolated from H1 in Figure 71, 
then, the resolution becomes 
99 ~ 
( ) ( 17.3) ( ) 1 •09- 1 1+17.3 0.40 1. 34 (101) 
A predicted chromatogram is simulated as shown in Figure 77 at pH of 2.8 
and with a flow rate of 0.35 ml/min. 
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Figure 77. Predicted Chromatogram for Two Aliphatic Sulfonates at pH = 2.8 and Flow 




Chapter I is an introduction to the historical development of 
a-hydroxyquinoline and its naming, structure, solubility, absorption 
spectra, and pKa1 value of the protonated form. Chapter II reports 
some general studies on parameters that affect ion-pair formation. 
These parameters are con¢entrated on the nature of the anions, the 
nature of the organic solvent, and the protolysis side reaction. 
Distribution constants for 8-hydroxyquinolinium-anion pairs in 
liquid-liquid systems were estimated, in Chapter III, using Dyrssen's · 
equation (1). The results obtained in isopentyl alcohol and in 
1-butanol system are tabulated in Tables II and IV, respectively. The 
trend of the KD(H 0+ A-) value for anions studied can be qualitatively 
2 x' 
explained by the theory discussed in Chapter II. However, the KD(HO ) , 
X 
distribution constant for a-hydroxyquinoline, value obtained from the 
slope of Dyrssen's equation is not a constant, as expected, for a given 
organic solvent, as indicated in Table III and V. This indicates that 
the model used by Dyrssen is a simplified one. Some modified equations 
were tested·but the results obtained were not satisfactory either, al-
though the trend of KD(H2o:,A-) was similar to that obtained from 
Dyrssen. This may be summarized that Dyrssen's model is only good for 
estimating KD(H20:,A-) but the real model must be very complicated, 
205 
206 
especially for the slope term in Dyrssen's equation. 
The 8-hydroxyquinolinium-anion pair studies in liquid-solid system 
were described in Chapter IV. The molar distribution coefficients, Kd, 
obtained in Chapter IV.A and IV.B show that the trend for the 8-hydroxy-
quinolinium-anion pair formation paralleled that in liquid-liquid sys-
terns. The Kd values (Figure 38) obtained in batch experiments in 
Chapter IV.C increase in the order of benzenesulfonate < £-toluenesul-
fonate < 2-mesitylenesulfonate < 1-naphthalenesulfonate at low pH. Thus 
it can be predicted that the elution order will be BS < PTS < 2-MS 
< 1-NS in a column chromatography. The degree of separation can also 
be qualitatively compared from the trend of Kd's. The relative larger 
Kd values obtained for aliphatic·sulfonates compared to those of aromatic 
ones at pH around 2.8 suggest that a group separation for sulfonates may 
be possible. 
I 
The synthesized CPG-BHO resin, as described in Chapter 
X 
IV.D, showed a larger capacity than that of Corning's by a factor of 
about 2.11. The distribution coefficients obtained in Chapter IV.E 
(Figures 51 and 52) show that a group separation for sulfonates will be 
better than that of Corning's, and a separation for aromatic sulfonates 
- -
is also possible, especially for PTS , 2-MS , and 1-NS species at pH 
around 1. 
Chapter V is a literature review of analytical methods for separa-
tion and determination of aliphatic and aromatic sulfonates. It is con-
eluded that liquid-liquid and liquid-solid chromatography are powerful 
techniques for the analysis of sulfonates. Among the determination 
methods, the use of ion-selective membrane electrodes gives a fast re-
sponse (within 1 minute); however, the application of ion-selective 
membrane electrodes to measure the concentration of aliphatic sulfonates 
207 
has not been reported yet. 
On the basis of the information gathered in Chapter III (liquid-
liquid systems) and in Chapter IV (liquid-solid systems), a chroma-
tographic separation of aromatic sulfonates was performed in Chapter 
VI. The synthesized CPG-8HO resin was used as stationary phase and 
X 
suitable acidic solutions (HCl or HC104) were used as mobile phases. 
Chapter VI.A gives an elution profile of aromatic sulfonates (BS , 
- -PTS , 2-MS , and 1-NS ) in an open column (49 x 0.60 em). The informa-
tion obtained from this profile (Figure 66) is also helpful to select 
the parameters needed for liquid-solid chromatography which was carried 
out in Chapter VI.B. A "maximum possible" resolution of 0.99 was ob-
tained for BS and PTS at the optimum flow rate of 0.22 ml/min in a 
column (99 x 0.20 em) packed with the synthesized CPG-8HO resin (37-74~ 
X 
particle diameter). After PTS was separated from BS , an increasing 
concentration of eluting agent (from 0.10 ~to 0.44 ~ HCl04) and an 
increasing flow rate (from 0.22 ml/min to 0.35 ml/min) were used, 
simultaneously, in order to elute 2-MS and 1-NS faster. A retraced 
chromatogram using a computer (Hewlett-Packard 9825A) and a plotter 
(Hewlett-Packard 9862A) was obtained and is shoWn in Figure 73. The 
effect of particle size on resolution (Figure 72), and the effect of 
flow rate on HETP (Figure 71), on theoretical number of plates (Figure 
70), and on resolution (Figure 69) for BS and PTS are also discussed 
in Chapter VI.B. A qualitative analysis of a Linear Alkylate Sulfon-
ate (LAS) EPA standard sample was tested as recorded in Chapter VI.C. 
It is concluded that LAS sample is composed largely of £-toluenesulfon-
ate. 
An attempt to make an ion-selective membrane electrode sensitive 
208 
to ethanesulfonate was made; the results obtained are included in Appen-
dix D. Since the electrode potential starts rising when the ethanesul-
-4 
fonate concentration is larger than 10 M and the largest change of 
potential per decade concentration obtained is only + 46 mV in the range 
. -2 1 
of 10 M to 10- ~' this membrane electrode is not sensitive enough to 
serve as a chromatographic detector. Hence, a prediction of expected 
chromatograms for methanesulfonate and ethanesulfonate was tried as 
discussed in Chapter VI.D. by using the information available from 
aromatic sulfontes and the molar distribution coefficients of aliphatic 
sulfonates. 
The experiments done in this thesis have shown that 8-hydroxyquino-
linium ion is a powerful ion-pairing cation (at low pH) that can be used 
or applied to separate several a~ions either hY liquid-liquid extraction 
or liquid-solid chromatography with a relative inexpensive instrumental 
set-up. 
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APPENDIX A 
DERIVATION OF DYRSSEN'S MODEL (REFERENCE (20)) 
It is assumed that 8-hydroxyquinolinium-anion pair is formed as 
shown in Figure 78. 
Where o refers to an organic phase; ~ refers to an aqueous phase; 
KD(HO·) and KD(H ~+,A-) are partition constants of a-hydroxyquinoline 
X 2 X . . . . 
and 8-hydroxyquinolinium-anion pair between the organic phase·and the 
aqueous phase, respectively;·Kf is the formation constant :for the 
8-hydroxyquinolinium-anion pair in the aqueous phase; and Ka is the acid 
dissociation constant of the HA. 
The dissociation constants of protonated and neutral 8-hydroxy-




























(~A-(@@) + Kf ~ + H + (A ) w \ 
w 
+ + H (A ) (HA) w " w K a 
Figure 78. A Sketch for the 8-Hydroxyquinolinium-Anion Pair Formation and Extraction 
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The partition constants of K· + 
D(H20x,A 













The distribution ratio, D, for 8-hydroxyquinoline is defined as a ratio 
of equilibrium concentration of total species of 8-hydroxyquinoline in 






[H20 ,A-] + [HO ] X 0 X 0 (A7) 
E[HO ] 
X W 
Assuming that the concentration of (A ) is much larger than that of 
w 
[H2o+]· and that Ka is very large, so that [H2o+,A-] is predominant and X W X W · 
equivalent to that of [H2o+] . Equation (A7) can be rewritten as X W 
follows: 
D 
Since pKa1 (20) is approximately 5, [HO ] and [o-] are small and X W X W . 
(A8) 
negligible by comparing with [H2o+] at a low pH of 1-2. Hence, Equa~. X W 
tion (A8) is simplified as 
D (A9) 
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Incorporating Equations (AS) and (A6) into (A9) gives 
KD (HO ) [HO )w 
D = K + - + __ _;X:.:._ _ ~ 
D(H20x,A ) [ 0+ -] H2 ,A X W 
(AlO) 
Since [H2o+,A-] formed is equivalent to [H2o+] according to the assurnp-x W X W 
tion, Equation (AlO) can be rewritten as follows: 
D = (All) 
Ka1 [Ho ] 
A substitution of --- for ___ x_w~ 
[H +] [H20 +] X W 
, from Equation (A3) into Equation 
(All) results Equation (Al2), which was first llSed by Dyrssen in 1952. 
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APPENDIX C 
A PROGRAM TO RETRACE THE CHROMATOGRAMS USING THE 
HEWlETT-PACKARD 9825 A COMPUTER AND THE 
HEWLETT-PACKARD 9862 A PLOTTER 
This program is to retrace a chr-omatogram which belongs to the 
Poisson distribution curve where the gamma function is used to compute 
any fractional· factorials. The range of each peak (or nUmber of obser-
vations) and the mean of the Poisson distribution curve should be given. 
In order to simulate the true picture of the chromatogram, some multi-
plication factors may be'needed. 
C.l. The Poisson Distribution (121,122) 
The Poisson distribution curve may be represented as shown in 
Figure 79. In our case, X refers to elution time and probability refers 
to absorbance readings. The Poisson distribution formula used is ex-
pressed as follows: 
Ax -A c e (Cl) p 
X! 
where p absorbance, 
A = the mean, 
X elution time, 
e = exponential 
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· Figure 79. Typical Poisson Distribution 
Curve 
C.2. The Gamma Function 
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When the increment of data point on X is not an integer, the gamma. 
function is used and is approached by Equation (C2) (129). 
P(X+l) = X! (C2) 
where 0 ~ X :::_ 1 
and al -0.5748646, 
a2 0. 9512363' 
a3 = -0.6998588, 
a4 0.4245549, 
as -0.1010678~ 
IE (x) I 5 -5 < X 10 
C.3. The Important Symbols Used in the Program 
X = time 
A the mean 
c = the multiplication factor 
s X! 
p absorbance 
C.4. Program Used 
0: scl 0,68,0, .45 (The scale of x and y) 
1: axe 0, 0,4, .05 (the intercept of x and y; the unit scale 
on x and y) 
2: fxd 8 (8 figures after the decimal) 
3: 0 -+ X 
4: "start": X+ 1-+ X(an increment of 1 on x) 
5: if X > 16; gto "one" 
6: plt X, .02 (plot x,y) 
7: csiz o, .00000001, .00000001, 0 
8: lbl " " 
9: gto "start" 
10: "one": if X > ·-22; gto "two" 
11: X-16 -+ z 
12: 3.07-+ A; 1.8-+ C 
13: gsb "sub 1" (go to subroutine labeled "sub 1") 
14: gto "start" 
15: "two": if X > 28; gto "three" 
16: X - 22 -+ Z 
17: 2.70-+ A; 0.9-+ C 
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18: gsb "sub 1" 
19: gto "start" 
20: "three": if X > 35; gto "four" 
21: p1t X, .02 
22: gto "start" 
23: "four": if X > 48; gto "five" 
24: X - 35 -+ z 
25: 4.6 -+ A; 1 -+ c 
26: gsb "sub 1" 
27: gto "start" 
28: "five": if X > 50; gto "six" 
29: p1t X, .02 
30: gto "start" 
31: "six": if X > 64; gto "seven" 
32: X - 50 -+ z 
33: 5.7 -+ A; 1 -)- c 
34: gsb "sub 1" 
35: gto "start" 
36: "seven": if X > 66; gto "eight" 
37: p1t X, .02 
38: gto "start" 
39: "eight": pen 
40: stp 
41: end 
42: "sub 1": if z > 1; gto "ten" 
43: 1-.5748646*Z+.9512363*Zt2 
-.6998588*Zt3-+ U 
44: .4245549*Zt4 -.1010678*Zt5 + V 
45: u + v + s 
46: AtZ/S * EXP(-A) + P 
47: p * c + p 
48: p + .02 + p 
49: plt X, P 
50: ret 
51: "ten": z + G 
52: Z + N 
53: 1 + s 
54: S*G + S 
55: if G > 2; G-1 + G; gto 54 
56: G - 1 + Z 
57: 1-.5748646* Z + .9512363 * Zt2 
-.6998588*Zt3 + K 
58: .4245549*Zt4 - .1010678*Zt5 + T 
59: K + T + J 
60: S*J + S 
61: N + Z 
62: gto 46 
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APPENDIX D 
SOME EXPLORATORY WORK DIRECTED TOWARD THE 
PREPARATION OF AN ION-SELECTIVE 
MEMBRANE FOR ALIPHATIC 
SULFONATES 
A limited attempt to make ion-selective membrane electrodes for 
aliphatic sulfonates was undertaken and is described in this Appendix. 
Details of preparing the membrane and the responses obtained for 
ethanesulfonate ion were illustrated. 
D.l. Preparation of a Membrane Sensitive 
to Ethanesulfonate 
D.l.a. Materials 
A. R. grade poly(vinyl chloride), PVC, (Alrich Chemical Co.), 
tetrahydrofuran (Mallinckrodt), potassium chloride (Mallinckrodt), and 
A. R. grade sodium chloride, ethanesulfonic acid, and sodium hydroxide, 
which have been described previously, were used without further purifi-
cation. The synthesized CPG-BHO resin (125-177 ~), as described in 
X 
Chapter IV.D.l, was used. Poly(vinyl chloride) tubing (15.5 mm internal 
diameter) was used as body for the electrochemical sensor. 
D.l.b. Apparatus 
A glass ring and a smooth glass plate was used as a container to 
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233 
prepare membrane discs as shown in Figure 80 (125). The glass ring had 
an internal diameter of 35 mm and a height of 30 mm. 
K\\ \\\\\\ \\_\\\\\ \:L\\\'t-~~ght · 
-- - F1lter paper wad 
•----Glass rin9 
PVC solu1ion undergoing 
--- -:_-_ :~ ~---- •·-----. -. ~. controlled evaporation 
!////// / / / /////// //////1-Giassplate 
Figure 80. Experimental Arrangement for Casting PVC Membranes 
D.l.c. Procedure 
The procedure used is similar to that of Thomas, et al. (126). A 
suitable amount (-0.4 g) of the synthesized CPG-8HO resin was weighed 
X 
out in a 20-ml beaker. The resin was slowly added to an organic mixture 
containing 0.17 g of PVC in 6.0 ml of tetrahydrofuran. The mixture was 
stirred and then poured into the glass ring~ which was sealed on a glass 
plate with Dow Corning silicone lubricant. The top of the glass ring was 
covered with a pad of filter paper (Schleicher and Schue!! filter paper 
No. 589) on which a heavy lead weight was placed (Figure 80). The 
assembly was left for about 48 hours to allow the tetrahydrofuran to 
evaporate. The thickness of the film was about 1.0 mm after drying. 
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After the membrane was ·dry, the film was peeled away from the glass 
with a razor blade. Individual membrane discs were cut from the film 
with a cork borer of. the. same diamet.er as the internal diameter of the 
PVC tubing. The tubing was about 10 to 12 em long. The disc was then 
glued on to a flat end of the PVC tube with a solution (4% w/w) of PVC 
in tetrahydrofuran as adhesive. After mounting and drying, the membrane 
electrode was conditioned wit.h an inner reference solution of 0.10 M. 
24 hours before use. 
· D. 2. Testing· the· Response: of the Ethan~-
sulfonate Membrane Electrode 
D.2~a. Experimental 
(i) Reagents 
Analytical reagents ~of ethanesulfonic acid, NaCl, KCl, NaOH, Orion 
90-00-02 inner filling solution and Orion 90-00-03 (10% KN03 ) outer 
filling solution were used. 
(ii) Apparatus 
The electrode set ··up for potentiometric measurements is ·shown in 
Figure 81. . The membrane elect::tode and an Orion double-junction electrode 
(described in Chapter IV. B .1·. l}) were connected to a potentiometer (Orion · 
. . . . .. 
Research Model 801 A digital MV .:meter)· which could be re-ad to ± .0.1 MV.-
(iii) Procedure 









~r-r~~+--------wrapped with parafilm 
hole 
~~-+-----paste of Hg, Hg2c12 and satd. KCl 
hole 
lm~~--j-----inner reference solution of 0.10 M 
NaCl and 0.10 ~ NaC 2H5so3 
membrane disc 
ethanesulfonate solutions· to be tested 





etharlesulfonat~ were prep~red. Their ionic strengths were adjusted to 
0.10 ~by addition of 1.0 M'NaCl. Each solution to be measured was put 
in a 100-ml beaker equipped with a magnetic stirrer. The voltages were 
recorded when readings on the MV meter became stable (within ± 0.3 MV) 
i.e. , in about 5 minutes. · . Between each pair of. measurements, the elec-
trades were rinsed with deionized-distilled water and blotted dry with 
. . . 
"kimwipes". A solution of 0.10 M NaCl was also tested as· a blank. 
D.2.b. Results 
The electrode potentials measured at various concentrations of" 
ethanesulfonate are tabulated in Table XVIII. The pH. of the sample solu-. 
tions were measured with a Zeromatic pH meter and are also listed in 
Table XVIII. A plot of electrode potential versus ethanesulfonate con-
centration is shown in Figure 82. 
D.2.c. Discussion 
The experimental cell can be _represented as follows: 
+ - + - . . - + - . 
Ref(l)//0.10 M Na,Cl, o._l_o_M_N_a_,_c_2_H_5so 3;Membrane/C~H5so::..Na '<J //Ref(2) 
sample solu- · 
tion to be 
inner reference solution 
.tested 
ISE 
where Ref (1) is a saturated calomel electrode containing 
Ref (2) is the Orion double-junction reference. electrode contain-
ing 10% or 1 M KN03 . 
The electrode potential, E, (127) can be expressed as shown in Equation 
(Dl). 
TABLE XVIII 
DATA OF ELECTRODE POTENTIAL COLLECTED AT VARIOUS ETHANESULFONATE SOLUTIONS WHICH 
IONIC STRENGTHS ARE KEPT AT 0.10 M WITH NaCl 
EMF Versus a Double 
Concentration of pH of Junction Reference Concentration of NaCl 
Ethane sulfonate (~) Sample Solution Electrode (MV) in the Sample (M) 
Blank (0.10 ~ NaCl) 4.75 +23.0 0.10 
10-7 3.65 +23. 0 0.10 
10-6 3.65 +23.0 0.10 
10-5 3.65 +23.0 0.10 
10-4 3.54 +23.0 0.10 
10-3 2.97 +27.0 0.10 
10-2 1.95 +45.0 0.090 
































Ethanesulfonate Concentration (M) · 
Figure 82. Response of a Membrane Electrode to Ethanesulfonate Ion at Ionic 





where E0 is a constant whose value depends on the phase boundary . ISE 
potentials and the potential of the double junctio'n reference electrode; 
·2. 303 RT 
Z. is the charge on the ion being measured; is the·Nernst fac-
1 F 
tor which equals 59.16 mV at 25°C ; .and ac H so- is the activity of 
2 5 . 3 
c2H5so3 being measured in the sample solutions. 
Since the solutions to be .test.ed were kept at the same ionic 
strength (0~10 ~), the activities (aC H SO-) in the sample solutions. 
2 ·5 3 · 
were directly proportional to the conc;:entration of ethanestil.fonate ions • 
. The results obtained in Figure 82 ·Show .that the electrode potential 
starts rising when the ethanesulfonate concentration is larger than 
-4 
10 M. Especially, a change of potential.per decade concentration is 
+46 mv in the range of 10-2 M to 10-l M. However, the.response has not 
completely reached the Nernstian's (59.16 mV) response. This may be 
because the capacity of the.CPG-8Ho· resin in the membrane is not 
X 
large enough to allow to reach the Nernst response. 
When the ethanesulfonate concentration is lower than 10-4 ~' the 
readings of electrode potential reach a constant value which is the 
same as that of the blank solution. This may be because the concentra-
tion of· chloride ion in the sample is large .enough to interfere with 
the measurements of ethanesulfonate ions. The electrode potential, E, 
may be expressed as shown in Equation (02). 
z. 
1 
E 0 2. 303 RT log (a . - zj).· (o2·) = EISE + + K. a. Z.F c2H5so 3 1,j J 1 
-where i the species which is of interest c2H5so3 in this case, 
j = the interferent species Cl in this case, 
-K. . · = the selectivity· coefficient of c2H5so3 in· the presence of ]. , J 
Cl in this case, 
a. = the activity of Cl in the sample in this case. 
J 




After extending the horizontal line and the steep slope, as shown in 




horizontal axis equal to K .. a. J (128). 
. l.,J J 
Since· a. - 0.10 ~. Z. = 1, 
.J, ]. 
z. = 1, and the intercept= 7.7 x 10-3 , the K .. can be obtained as 
J l.,J 
-2 
7.7 X 10 • 
The pH of the sample solution (Table XVIII) may also affect the 
potential readings~ Since at lower pH and higher concentration of 
ethanesulfonate ion, larger potential readings are obtained. This may 
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